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ABSTRACT OF DISSERTATION

FUNCTIONALIZED MEMBRANES FOR ENVIRONMENTAL
REMEDIATION AND SELECTIVE SEPARATION

Membrane process including microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO) have provided numerous
successful applications ranging from drinking water purification, wastewater
treatment, to material recovery. The addition of functional moiety in the
membranes pores allows such membranes to be used in challenging areas
including tunable separations, toxic metal capture, and catalysis. In this work,
polyvinylidene fluoride (PVDF) MF membrane was functionalized with
temperature responsive (poly(N-isopropylacrylamide), PNIPAAm) and pH
responsive (polyacrylic acid, PAA) polymers. It’s revealed that the permeation of
various molecules (water, salt and dextran) through the membrane can be
thermally or pH controlled. The introduction of PAA as a polyelectrolyte offers an
excellent platform for the immobilization of metal nanoparticles (NPs) applied for
degradation of toxic chlorinated organics with significantly increased longevity
and stability. The advantage of using temperature and pH responsive
polymers/hydrogels also includes the high reactivity and effectiveness in
dechlorination.
Further advancement on the PVDF functionalization involved the alkaline
treatment to create partially defluorinated membrane (Def-PVDF) with conjugated
double bounds allowing for the covalent attachment of different polymers. The
PAA-Def-PVDF membrane shows pH responsive behavior on both the hydraulic
permeability and solute retention. The sponge-like PVDF (SPVDF) membranes
by phase inversion were developed through casting PVDF solution on polyester
backing. The SPVDF membrane was demonstrated to have 4 times more
surface area than commercial PVDF MF membrane, allowing for enhanced
nanoparticles loading for chloro-organics degradation. The advanced
functionalization method and process were also validated to be able to be

scaled-up through the evaluation of full-scale functionalized membrane provided
by Ultura Inc. California, USA.
Nanofiltration (NF) between UF and RO presents selectivity controlled by
both steric and electrostatic repulsions, which are widely used to reject charged
species, particularly multivalent ions. In this work, selective permeation of CaCl2
and high sucrose retention are obtained through the modification of nanofiltration
membranes with lower charge compared to commercial nanofiltration membrane.
The membrane module also shows high stability with constant water permeability
in a long-term (two months) test. Extended Nernst-Planck equation were further
used to evaluate the experimental results and it fits well.
KEY WORDS: Functionalized Membrane, Dechlorination, Responsive,
Tunable, Full-scale
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Chapter 1 - Introduction and Background
1.1 Introductory remarks
Access to clean water has been identified as one and critical challenge for
world’s social and economical growth[1-3]. The development of alternative water
supplies is urgent and fundamental. One challenge is to develop efficient, less
energy consumption process through recovering pure water from industrial,
brackish and salt water. Membrane technology is known to be a promising and
leading candidate for providing fresh water via desalination and reuse of
industrial wastewater[4]. On the other hand, the contamination of groundwater
aquifers and soils at various superfund sites by chlorinated organics, such as,
trichloroethylene, TCE and polychlorinated biphenyls, PCBs, etc, are a pervasive
problem that can prevent the use of these sources as a potential for clear water.
They have high toxicity, persistence and widespread distribution in the world[5-7].
Although many of remediation techniques have been developed, such as
microbial transformation, carbon adsorption, etc, they are chemical-intensive,
energy intensive and/or requires additional post-treatment to remove unwanted
by-products. In our previous publications, we have introduced a novel and
environmental benign approach by using metal nanoparticles to degrade and
detoxify toxic chlorinated organic compounds from water[8-10]. In this work, we
integrate

nanostructured

metal

particles

within

functionalized

polymer

membranes to obtain highly effective detoxification of chloro-organics.
This chapter serves as a platform to provide background knowledge for
better understanding this work on the membrane functionalization, membrane
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technology and the integration of membrane and nanoparticles for remediation.
Membrane technology presents attractive traits including ease of manufacture
and operation, compactness and modular design, which make the membranes
more attractive for various industrial applications[11, 12]. Membrane processes
such as, microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO) have been widely used in separation applications ranging from
water purification, wastewater treatment, chemical recovery, to advanced
bioseparation[13]. The separation by these membranes is primarily based on
size exclusion or steric hindrance effect. For more dense NF membranes, the
separation is also coupled with electrical or Donnan exclusion. RO process is
dominated by partitioning between solutes and membrane surface and diffusion
difference. However, these conventional membranes has limitations in some
challenging separation applications, for example biomedical area. Thus, there is
growing interest on the modification of membrane to enhance the performance
and efficiency of membrane process. Membrane functionalization allows creation
of specific properties, such as high adsorptive capacity, selectivity, tunable
separation and antifouling, which is equally essential for the design of advanced
membrane in industries with less energy and material cost[14]. Thus, the primary
focus of this chapter is to discuss various functionalization techniques for the
fabrication of advanced membranes. Special attention will be given on the
functionalized membranes with stimuli-response, selectivity, and reactions.
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1.2 General background
1.2.1 Functionalized membrane
Current research for membrane modification are focusing on the
introduction of functional groups into membranes. The most common functional
groups are –OH, -COOH, -NH2, -SH, -SO3H, -CONH2,etc. The functionalized
membrane with proper activating groups can extend the application ranging from
selective and tunable permeation and separation[15-17], toxic metal capture[18,
19],

nanoparticles

immobilization

for

toxic

organics

degradation[16]

to

biocatalyst[20].

1.2.2 Functionalization techniques
Membrane functionalization can be achieved through either non-covalent
or covalent attachment. Simply, these modification methods are built on in-situ
polymerization, simple adsorption, or grafting to/on the existing support
material[21-25]. The functional techniques will be discussed in this chapter
includes coating (Section 1.2.2.1), layer-by-layer assembly (Section 1.2.2.2),
grafting(Section 1.2.2.3) and in-situ hydrogel cross-linking(Section 1.2.2.4).
1.2.2.1 Coating
Coating is a simple physical functionalization method and can be achieved
through three different ways[26]: (1) adsorption/adhesion of hydrophilic or
biocompatible materials on the base polymer support. The interaction between
functional groups in the molecule and membrane surface can enhance the
binding

strength;

macromolecules

(2)
and

interpenetration
base

polymer

at

the

support;
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interface

(3)

between

entanglement

of

the
the

macromolecules and the membrane pore structure. Through the modification, the
membrane surface properties can be modified from hydrophobic to hydrophilic.
The disadvantage is the low stability caused by the leaching of the adsorbed
functional material from the membrane.
1.2.2.2 Layer-by-layer assembly (LBL)
Layer-by-Layer

assembly

is

a

newly

developed

membrane

functionalization method introduced by Decher’s group[27]. The mechanism for
this simple but highly versatile method is based on not only electrostatic
interactions, but also covalent bonding, hydrogen bonding, hydrophobic
interactions and partitioning[28]. Typically, LBL is achieved by the adsorption of
charged layer onto a layer with opposite charge. Depending on the practical
application and requirements, the surface charge, film thickness, and
composition can be tuned with the different adsorbed molecules, number of
layers deposited[29]. The versatility of LBL allows for the broad applications
including other functionalization on nanoparticles, polymers, proteins and dye
molecules[28].
1.2.2.3 Grafting
Grafting is a chemical modification method and can be classified by four
major

types:

chemical,

radiation,

photochemical

and

plasma

induced

polymerization[30]. Compared with physical modification, such as coating,
grafting offers covalently attachment with membrane structure and maintains
long-term stability. Besides, the key benefit for this technique is that the
membrane surface can be tailed with the choice of different monomers to obtain
24

desirable properties. Chemical grafting involves two major types: free radical and
ionic. Free radical polymerization contains three major steps: initiation,
propagation and termination. In addition to general free radical polymerization,
atom transfer radical polymerization (ATRP) and reversible free radicalfragmentation chain transfer polymerization (RAFT) have received increasing
interest ascribed to their controllable reaction and narrow molecular weight
distribution. Radiation grafting includes pre-irradiation by vacuum or an inert gas
to form free radicals, peroxidation with formed hydroperoxides or diperoxides in
the presence of air or oxygen, and mutual irradiation technique[30]. The major
drawback for this technique is the potential destruction of polymer support by
irradiation. Plasma grafting is a well-established technique for membrane
functionalization to form linear polymer chains in the porous supports. The graft
copolymerization is initiated by the macromolecule radicals formed via the
cleavage of chemical bonds in the base structure[31]. This technique has been
utilized for the grafting of poly(acrylic acid) onto polypropylene with enhanced
printability or adhesion[32]. The weakness for this method is the production of the
various side reactions caused by strong interaction between plasma species
(electrons, ions, etc) and the base polymer supports[33].
1.2.2.4 In-situ hydrogel cross-linking
In-situ hydrogel cross-linking is the incorporation of cross-linked hydrogel
inside the porous material. Hydrogels also possess a degree of flexibility to
undergo a large amount change of volume[34]. However, the lack of mechanical
strength confines its applications in separation area. To overcome this problem,
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hydrogels can be imbedded in a rigid and porous matrix (membrane, etc) through
cross-linking. The process is carried out in the support with in-situ polymerization
and simultaneous cross-linking[35]. The cross-linked polymer chains are
entangled within the porous matrix and lead to high stability. It should be noted
that this technique is non-covalent modification and the performance of the
membrane support highly depends on the concentration and loading amount of
the hydrogel. The cross-linking provides the advantages of high stability, uniform
distribution and high concentration of functional groups, but too much crosslinking also severely limits the movement of the polymer chains in the matrix
resulting in mass transfer resistance.

1.2.3 Phase inversion for membrane fabrication
In the previous discussion, the method for fabricating the functionalized
membrane is to modify the common and existed membrane to endow functions
of membrane. Another method is to develop new membrane materials and
structures including casting polymer solution in organic solvent to make the
membrane. The formation of membrane includes phase inversion. Phase
inversion technique is an extensively used method for prepare ultrafiltration
membrane and most of microfiltration membranes. All the phase inversion
membranes involve the precipitation of polymer from the polymer rich casting
solution induced by solvent and non-solvent miscibility[36, 37]. The polymer
creates membrane structure and the non-solvent makes pores. Thus, the
parameters can affect the membrane morphology including: type of polymer, type
of solvent, type of non-solvent, concentration of casting solution, temperature of
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non-solvent, temperature of casting solution, evaporating time, and additives.
The most commonly used polymer includes cellulose acetate, polyamide,
poly(vinylidene fluoride) (PVDF) and polysulfone (PS). The solvent can be N,Ndimethylacetamide (DMA), N,N-dimethylformamide (DMF), N-methylpyrrolidone
(NMP), dimethylsulfoxide (DMSO), acetone, etc. Water, ethanol and glycerol are
used as non-solvent. In this study, PVDF membrane with sponge-like structure
was fabricated with PVDF casting solution in DMF, water as non-solvent,
polyvinylpyrrolidone and lithium chloride (LiCl) as additives.

1.2.4 Stimuli-Responsive material
Stimuli-responsive material, most of which are functional polymers, can
adjust or modulate their physicochemical properties in response to an external
stimulus. The environmental stimuli can be pH, temperature, light, electrical field,
pressure, ions, chemical and biochemical compounds(such as, glucose et al.).
The physical basis for this responsive behavior is the change of polymers
conformation from a hydrating (hydrophilic) state to a dehydrating (hydrophobic)
state, caused by a change of environmental conditions[38]. The changes are
usually reversible and can go back to the initial state when the stimulus is
removed. There are growing interest in recent years regarding the developing of
functionalized membranes with responsive property by chemical modification.
The introduction of porous membrane can be served as a delicate responsive
partner. In this way, the permeation and mechanical properties can be
independently approved within a large range of parameters.

27

Among these various stimulus, temperature and pH are most comment
and widely used because they are easily designed and controlled. Thus,
temperature and pH responsive membranes have gained special interest. These
two kind responsive polymers will be discussed in details in the following
sectionss. Other stimuli responsive polymers will also be discussed afterwards.
1.2.4.1 pH response
pH responsive polymers are polymers which can respond to the change of
medium pH. As the pH changes, the degree of ionization of a polymer with
weakly ionized groups (such as, -COOH) will be dramatically changed at a
specific pH called pKa, which induce the conformational change of polymer
chains[38]. Table 1.1 shows several pH responsive polymers. Chitosan and
collagen are two natural polymers with weakly ionized groups, -NH2 and –COOH,
respectively. Polyacrylic acid (PAA) is another most widely studied pH
responsive polymer. At low pH below pKa, the carboxyl groups are protonated,
leading to the contract of the polymer chains. While, at higher pH over pKa, the
carboxylic acid groups are fully ionized, resulting in an expansion or swelling of
the polymer chains[39]. When this response is immobilized in the porous
membrane support, it can be used to modulate the permeation property of the
membrane. For example, Mika et al. reported the synthesis of poly(4vinylpyridine) onto MF membrane through UV-induced grafting method with
outstanding pH sensitivity and the capability to reject small inorganic ions in the
process of RO[40]. The response is directly related to the degree of polymer
grafting. The introduction of PAA on the poly(vinylidene fluoride) (PVDF)
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membrane has been applied to the separation of drugs[41] and controlled drug
delivery[42].
Table 1.1. pH responsive polymers
pH
Polymer name

responsive

pKa

Reference

groups
Poly(acrylic acid)(PAA)

-COOH

4.2-5.5

[43]

-COOH

5.6-7.0

[44]

-SO3H

1.5

[45]

-NH2

6.4

[46]

-N(CH3)2

1.2

[47]

3.9

[48]

Polymethacrylic acid
(PMAA)
Poly(sulfoethyl
methacrylate)
Chitosan
Poly[(N,Ndimethylamino)ethyl
methacrylate)]
Poly(4-vinylpyridine)

1.2.4.2 Temperature responsive behavior
Temperature is the most widely utilized stimulus for responsive
membranes because it’s easy to control and easily applicable especially in drug
delivery area. The unique property of temperature responsive polymers is the
existence of either lower critical solution temperature (LCST), or upper critical
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solution temperature (UCST). LCST is the temperature above which the polymer
chain is separated from water due to the break of hydrogen bonds. While UCST
is the temperature above which the polymer and solvent are miscible.
Temperature

responsive

polymers

can

be

derived

from

vinyl

ethers,

vinylcaprolactam and N-alkylacrylamides and ethylene oxide and propylene
oxide monomers[49]. Among various temperature responsive polymers with
LCST, poly(N-isopropylacrylamide) (PNIPAAm) with LCST at about 32 oC is the
most actively studied. At a temperature below LCST, PNIPAAm is fully hydrated
(hydrophilic) due to the formed hydrogen bonds between amide groups and
water. With the increase of temperature over LCST, the hydrogen bonds is
broken, resulting in the collapse/shrink of the polymer. By combining this
response with membrane, Akerman’s group reported the 30 times increase of
dextran permeability at temperature above and below LCST[50]. Besides the
control of membrane pore size for the modulation of permeability due to the
swelling and shrinking of PNIPAAm chains, the transition change (hydration and
dehydration) can also be used to separate solute with different properties. Choi
et al. has demonstrated the use of grafting PNIPAAm onto polypropylene (PP) to
separate hydrophobic and hydrophilic solutes by temperature swing operation
below and above LCST[51]. The schematic illusion of this novel separation
process is shown in Figure 1.1.
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Figure 1.1. Schematic illusion of a novel separation system using
temperature responsive NIPAAm grafted on PP membrane[51].
1.2.4.3 Other stimuli-responsive material
In addition to pH and temperature responsive polymers, light sensitive
polymers can respond to UV light or visible light irradiation. The typical structure
for light sensitive polymers contains double, triple bonds, or other conjugated
interactions,

such

as

azobenzene

based,

triphenylmethane-based

and

spiropyran based polymers[52]. The polymer hydrophilicity or surface wettability
can be changed by irradiation induced phase transition through ionization, ring
opening and cis-trans isomerization[53]. Chen’s group reported the use of light
responsive polymer to realize remote controlled drug delivery and cancer
therapy[54].
Polymers with ionic charge groups can trigger the phase transition
behavior by the modification of electric field, which have been applied in the biorelated area, such as drug delivery, artificial muscles[55, 56].
Glucose responsive polymers is based on the polymer-polymer or
glucose-protein binding[57]. These polymers have received tremendous attention
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recently due to their potential application in insulin-dependent diabetes[58, 59].
One example for glucose response is the combination of pH responsive polymer
with glucose oxidase. The swelling and shrinking of the material is caused by the
decrease of pH indirectly through the oxidization of glucose oxidase to gluconic
acid[58]. Kost et al. reported the development of glucose responsive membrane
by radiation polymerization for the potential application for an artificial pancreas
with controlled insulin delivery[60]. However, the challenge for using glucose
responsive polymer with glucose oxidase is the difficulty in maintaining the
enzyme activity .

1.2.5 Functionalized membrane for nanoparticles synthesis
Our previous publications have reported the use of metal nanoparticles
(NPs) to do water remediation for chloro-organic degradation to non-toxic
compounds. The development of flexible and efficient remediation technology is
of immense importance. The following sections will discuss the use of
nanoparticles and the integration of nanoparticles and functionalized membranes.
Zero-valent nanoscale metal (especially iron) particles have been studied
and implemented in groundwater remediation of chlorinated solvents through
reductive

pathways[61-64].

For a more rapid

and

complete

reductive

dechlorination, a second metal is added. In these systems, the first metal (most
commonly Fe, but also Mg, Sn, etc) is an electron donor that generates hydrogen
gas via a corrosion reaction to degrade the organic compound, and the second
metal promotes the reactivity through hydrogenation, acting as a catalyst.
Several bimetallic systems that are designed to dechlorinate toxic chlorinated
32

organic compounds have been reported in the literature, including: Fe/Cu[65, 66],
Fe/Ni[67] or Fe/Pd[68-71]. Among these, the Fe/Pd bimetallic system are the
most efficient and most commonly used system for dechlorination of various
chloro-organics due to their low activation barrier[72]. However, due to their
magnetic properties, NPs tend to agglomerate rapidly in water to form micron
size or larger aggregates, thus reducing their dechlorination reactivity[73, 74].
Various techniques have been employed to control particle size, e.g., soluble
dispersing agents such as polymers, surfactants or protective coating[75-77];
however, the use of polymers and surfactants as coating on particles may
sacrifice the dechlorination reactivity. Thus recent interest focuses on the
immobilization of NPs in other platform, such as, carbon, silica and crosslink
polymers.
Among various supporting material, functionalized membranes provide a
highly tunable platform due to its ease of functionalization and accessibility with
charged groups (-COOH,-SO3H, -OH) and control of pore size. In particular,
membranes with open structure (such as PVDF and polyether sulfone (PES)
microfiltration membranes) have the distinct benefits of high internal surface area
and ease of access to the active particle site[78-80]. Moreover, the synthesis of
metal NPs in functionalized membrane with environmental response (pH and
temperature, etc)[81] may further allow the control of the microenvironment near
the active reaction sites and reduces the loss of particles by recapturing the
metal ions and thus may offer a increase of dechlorination reactivity. The
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diffusion, mass transfer resistance, and pressure drop can also be eliminated by
convective flow operation of membranes.

1.2.6 Nanofiltration
Nanofiltration membrane generally consist of negatively charged groups
(COO-, SO32-) and/or positively charged (NH3+) groups within a relatively dense
membrane matrix (with pore size less than 2 nm) by famous interfacial
polymerization[82]. Due to this charged pore surface, NF can be effectively
utilized to separate sugar, organic molecules, mono-valent and multi-valent salts
based on both size and Donnan exclusion. Typically, NF membranes are
characterized with low rejection of mono-valent ions, high rejection of divalent
ions with higher flux than RO membranes[83]. Commercial available NF
membranes is varied in characteristics such as pore size and surface charge,
leading to various performance[84]. Thus, a lot of efforts have been devoted to
develop appropriate NF membranes for selective separation of sugar from salts
in food industry. Especially in some cases, lower divalent salt rejections while
maintaining over 98% sucrose/lactose is highly desirable. Thus, minimization of
surface charge through modification of interfacial polymerization process and
coating technique are required in synthesis of NF membranes with high
selectivity and high flux. In this work, full-scale modified NF membrane with less
charge was developed and evaluated for the selective rejection of divalent salt
and sugar mixture.
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1.3 Objectives and outlines
The specific research objectives are:


To synthesize temperature responsive P(NIPAAm-AA) hydrogel and
membrane with ion exchange groups (-COOH) for metal ion capture and
subsequent conversion to nanostructured zero-valent metal in the matrix
(Chapter 2 &Chapter 3).



To characterize the hydrogel, hydrogel nanocomposites and functionalized
membranes with attenuated total reflectance-Fourier transform infrared
(ATR-FTIR), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), differential scanning calorimetry(DSC), atomic force
microscopy

(AFM)

and

x-ray

photoelectron

spectroscopy

(XPS).

(Chapters 2-5).


To investigate the transition behavior via swelling study and model
evaluation and demonstrate the hypothesis that the use of immobilized
NPs in responsive hydrogel nanocomposite domain will allow highly
effective PCB and TCE dechlorination by both reductive approach
(Chapter 2).



To develop both temperature and pH responsive membrane based on fullscale membrane to evaluate the feasibility of continuous manufacture of
functionalized membranes and to demonstrate controlled and tunable
separation through water, charged solute and uncharged solute (dextran)
permeation study(Chapter 3).
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To modify PVDF membrane with alkaline solution to create double bonds
for covalently grafting of polyacrylic acid; and to study the effect of
treatment time on the membrane structure and morphology (Chapter 4).



To fabricate the sponge-like PVDF membrane through phase inversion
methods with high adsorption ability for metal ions (Chapter 4).



To establish the nanofiltration membrane with selective separation of
sugar and divalent salt; and to investigate the effects of sugar and salts
concentration on the sugar rejection by model development(Chapter 5).



To model the solutes (charged and uncharged) transport in the
nanofiltration membranes for understanding the structure and electrical
properties (Chapter 5).
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Chapter 2 - Responsive Hydrogel-Supported Metallic
Nanoparticles Synthesis and Water Remediation
2.1 Introduction
Hydrogels are hydrophilic polymer networks that can absorb a large
amount of water but not dissolve in water[85-87]. Responsive hydrogels can
undergo a swelling transition in response to environmental stimuli, such as the
changes in temperature, light, pH etc[39, 88-90]. Due to this unique feature,
responsive hydrogels have received extensive attention in the fields of drug
delivery[38], bioseparation[91], sensors and optical transduction of chemical
signals[42, 91]. For example, the drug release from responsive hydrogels can be
remotely controlled by the local heating of magnetic nanoparticles[92-95]. The
same concept has been transferred to the application in catalytic reaction, which
is particularly attractive due to the unique tunable and responsive properties as
well as the improvement of reactive properties[38, 42, 91]. Specifically, the
swelling and deswelling of the hydrogel with temperature change can control the
partitioning of reactants in the hydrogel network, which in turn changes the
reactivity. Poly (N-isopropylacrylamide) (PNIPAAm) is one of the most common
and widely studied temperature responsive hydrogels with hydrophobic and
hydrophilic phase transition at a lower critical solution temperature (LCST) about
32℃[96-98]. Below the LCST, NIPAAm is hydrophilic and swells in aqueous
media, while it becomes hydrophobic and collapses above the LCST. Attracted
by these particular responsive properties with the change of temperature,
PNIPAAm has been received considerable attention and has been successfully
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employed as a support for the synthesis of metal nanoparticles and smart
catalyst[99, 100]. For example, Lu et al. proved the adjustable catalytic reactivity
with response to temperature change for Ag nanoparticles imbedded in
PNIPAAm-b-PS core-shell systems[101]. This extend the use of hydrogel from
biomedical field[102, 103] to environmental application by incorporating catalyst
and responsive property.
One can also utilize the hydrogels in environmental catalysis (such as,
organic pollutant degradation from water) if appropriate catalytic domain and
selective reactant partitioning can be created. The quality of water has been
always an important and demanding issue in the exploitation of natural water
resources and remediation of contamination in recent years[2, 104]. Hydrogels
has been reported to be used as is for fouling control in water treatment[105,
106]. In particular in the field of catalysis, we use this hydrogel immobilized
nanoparticles for detoxification of organic chlorinated compounds from aqueous
streams.

Chlorinated

organics

such

as

trichloroethylene

(TCE)

and

polychlorinated biphenyls (PCBs) are the most concerned water pollutants due to
their high toxicity,

persistence and various sources of distribution in

environment[107, 108]. In recent years, the creation and development of nanosized materials (iron) as a promising way for toxic chlorinated organics
degradation and water pollution treatment have been widely studied and
investigated[109-111]. Nanoscale metallic particles with high surface area and
high binding energy of core electrons can enhance the interaction of the surface
sites between the reactants and products[70, 112]. For more rapid and complete
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degradation, a second element such as Pd, Pt, Ni, Cu and Ag was added as a
hydrogenation catalyst[110]. Among these, Fe and/or Fe/Pd, and Fe/Ni, are the
most efficient and commonly used system. However, Fe and/or Fe/Pd
nanoparticles naturally tend to aggregate due to the magnetic properties, which
may lead to the reduction of dechlorination reactivity[113, 114]. Thus,
immobilization of nanoparticles has drawn great interests due to the increasing
demand in controlling nanoparticle aggregation and reactivity. Specifically,
stabilizers, ligands and membrane supports have been used to stabilize and
immobilize nanoparticles[115, 116]. A common problem in using these supports
is the sacrifice of nanoparticle reactivity. Moreover, the surfactant coating may
hinder the diffusion of reactant to the surface of the nanoparticles, which may
reduce the reaction rate. To overcome these problems and enhance the
nanoparticles’ performance, we proposed to use a temperature responsive
P(NIPAAm-AA) hydrogel as a promising network support to immobilize metallic
nanoparticles for toxic chlorinated organics degradation. Furthermore, for
environmental catalytic applications, the synthesis of Fe and Fe/Pd NPs in
temperature responsive hydrogels allows the control of the microenvironment
near the active reaction sites to modulate the reactivity. Although immobilization
of iron and other catalyst in membrane platform has been reported, to our
knowledge, the membrane platform combined with both PAA for in-situ synthesis
of nanoparticles, and potential tunable reactivity with temperature responsive
PNIPAAm have not been published with Fe and Fe/Pd nanoparticles.

39

The main goals of the present study are: (1) to synthesize temperature
responsive P(NIPAAm-AA) hydrogel with ion exchange groups (-COOH) for
metal ion capture and subsequent conversion to nanostructured zero-valent
metal in the matrix, (2) to characterize the swelling and partitioning of hydrogel
and hydrogel nanocomposites, and (3) to test the hypothesis that the use of
temperature responsive hydrogels will allow the modulation of reductive
dechlorination reaction reactivity of toxic chlorinated organics with TCE and PCB
as model compounds by altering pollutant partitioning and water content around
reactive nanoparticles.

2.2 Experimental Methods
2.2.1 Materials
N-isopropylacrylamide (NIPAAm), acrylic acid (AA), poly (ethylene glycol)
600

dimethacrylate

(PEG600DMA),

4-(4-Dimethylaminophenylazo)

aniline

(DMPA), Ethanol (>99.5%), ferrous chloride tetrahydrate (FeCl2•4H2O), sodium
borohydride (NaBH4), sodium carboxymethyl cellulose (CMC, mean Mw=90,000
g/mol), and trichloroethylene (TCE) were purchased from Sigma-Aldrich
(>99.5%). 2,2’-dichlorobiphenyl (DiCB), biphenyl (BP), 2-chlorobiphenyl were
obtained from Ultra Scientific.

2.2.2 Synthesis of Crosslinked PNIPAAm-PAA Hydrogel
Three gram N-isopropylacrylamide (NIPAAm), 1 g acrylic acid, 0.207 g
poly (ethylene glycol) 600 dimethyacrylate (PEG600DMA) (molar ratio of
NIPAAm: AA: PEG600DMA=80:10:10), 43 mg DMPA as initiator were added in a
20 mL vial and equal weight amount of ethanol were added, mixed them together
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to get the uniform solution. The mixture was pipetted into two 15x15 cm2 clamped
glass plates with Teflon spacer to make the thickness to be 0.5 mm. UV
polymerization was conducted for 5 minutes with 14.8 mW/cm 2 intensity. The
hydrogel was carefully removed from the plates, placed in deionized water and
washed daily [117]. The schematic of P(NIPAAm-AA) synthesis steps are shown
in Figure 2.1.

NIPAAm, AA
PEG600DMA
DMPA (initiator)
Ethanol (solvent)

DMPA: 4-(4-dimethylaminophenylazo) aniline
UV source

Pure water wash
Clean Hydrogel for
In-situ NP Synthesis

Glass plates

UV wavelength:365 nm Intensity: 14.8 mW/cm2

Figure 2.1. Schematic diagram of P(NIPAAm-AA) by UV
photopolymerization

2.2.3 In-situ Synthesis of Nano-sized Iron Particles in Hydrogel Matrix
Fe0 nanoparticles were prepared by soaking hydrogel into the 200 mL 200
mg/l (as Fe) ferrous chloride solution with bubbling nitrogen for 4h. Then, the
hydrogel was washed with deoxygenated DIUF water. The composite hydrogel
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was then immersed into 200 mL 0.5M NaBH4 aqueous solution for 2h. Fe2+ in the
hydrogel network was reduced and immobilized inside the network which can
prevent the aggregation of newly formed iron nanoparticles. The hydrogel was
rinsed by a large amount of deoxygenated DIUF water to remove unreacted
reactant, and was stored in ethanol. The schematic of Fe0 nanoparticles
synthesized directly in hydrogel network are shown in Figure 2.2.

COONa

NaOOC
COONa
COONa

COO-

COO-Fe2+

COONa

Fe2+
N2 purge

COO-

Fe2+ -OOC
Fe2+
COOCOO- Fe

NaBH4

COO-

-OOC

COO-

2+

COO-

Figure 2.2. Schematic of direct formation of Fe0 nanoparticles in P(NIPAAmAA) hydrogel network (upside) and the corresponding digital camera
images (underside).
Fe0 nanoparticles encapsulated externally in hydrogel network were also
prepared. The pre-formed iron nanoparticles (Fe0-CMC-1) (prepared by Zhao’s
method [118]) was mixed with monomer mixture by bath sonication and
performed UV polymerization. The hydrogel nanocomposites were washed with
deoxygenated DIUF water for several times and stored in ethanol.
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2.2.4 Characterization of Fe0 Nanoparticles and Hydrogel
Nanocomposite
Surface area (BET area) of the nanoparticles was measured by collecting
nitrogen sorption isotherms at 77K via the Micromeritics Tristar 3000. The pore
volume and pore size distribution were calculated with Tristar 3000 V 4.02
software using the BJH method. Prior to the measurements, the nanoparticles
were dried at 120oC for 10 h under a flow of nitrogen.
Surface and cross-section of hydrogel containing Fe0 nanoparticles were
examined by Hitachi S-4300 Scanning Electron Microscope (SEM). Hydrogel
were coated with gold for imaging purposes.

2.2.5 Measurements of Swelling Ratio under Different Temperature
The weight swelling ratio was determined by gravimetric method [119] at
different temperature ranging from 15oC to 50oC. At each particular temperature,
the dry weight of hydrogel disk was measured. This sample was immersed in
water bath for 24 h, wiped by fiber tissue to remove excess water on the surface,
and weighed until the equilibrium was achieved. The weight data was an average
from three samples. The swelling ratio was calculated as follows:
Eq. 2-1

where

is the weight of hydrogel at swelling state, and

of hydrogel at dry state.
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is the weight

2.2.6 Hydrophobicity and Hydrophilicity Transitions of TemperatureResponsive Hydrogel Measured by Model Organic Partitioning Experiments
The hydrogel hydrophobicity and hydrophilicity was investigated by two
different dyes: methylene blue and orange II, which are two widely used dyes for
study the transition of temperature responsive polymer due to their different
hydrophilic character. 0.01 mmol/L methylene blue and orange II aqueous
solution was prepared in advance. The hydrogels were immersed into 20 mL of
the two solutions respectively at different temperatures for 24 h. The
concentrations in solution phase before and after the immersion were measured
by UV-Vis spectroscopy with the reading of wavelength at 664 nm for methylene
blue and 486 nm for orange II[120, 121]. The partitioning coefficients (Ki) at
different temperatures were calculated based on the initial and final
concentrations of these two dyes. The partition coefficient (K i) was defined as the
ratio of the dye solubility in hydrogel and solubility in water.

2.2.7 Adsorption Experiment
In order to determine the adsorption capacity of P(NIPAAm-AA) hydrogel
for TCE, as well as the effects of temperature, experiments were performed by
batch equilibrium technique. A typical experiment was conducted in a 43-mL
serum vials containing 0.47g (dry weight) of hydrogel. At selected time, 2 mL
sample was taken out and 2 mL pentane was added to extract TCE. GC-MS was
used to measure the TCE concentration in the solution.
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2.2.8 Dechlorination by Fe/Pd Nanoparticles in P(NIPAAm-AA)
Hydrogel
Batch dechlorination experiments of TCE and DiCB were conducted in 43
mL serum glass vials. Fe or Fe/Pd NPs immobilized in a P(NIPAAm-AA)
hydrogel were loaded into the vial containing 30 mg L -1 TCE in 43 ml
deoxygenated water. For DiCB, the feed concentration is 5 mg/L in 43 mL 50:50%
ethanol:water mixture. Both experiments were also carried out at 30oC and 34oC
to investigate the reactivity tunability. All the serum glass vials were sealed with
Teflon-lined silicon septa and placed on a wrist-action shaker throughout the
duration of the experiment. Parallel control experiments with only hydrogel (no
metal nanoparticles) were also performed. TCE analysis was performed using a
gas chromatograph (GC, Varian-3900) equipped with an ion-trap mass
spectrometer (MS, Saturn-2100T). Two mL of pentane as the extractant for TCE
was added to an 8 mL vial containing 2 mL of aqueous solution which was taken
from the reaction vial. The vials were placed on the shaker to mix for 2 hours to
achieve extraction equilibrium. For each extracting vial, 1 micro liter solution in
the extracting solvent phase was removed and injected into the GC sample
column for analysis. 1, 2-dibromoethene was used as an internal standard. The
TCE calibration curves were created using 7 concentrations ranging from 5 to 50
mg L-1 with R2 = 0.999 and average analytical error of 5%.
For PCB analysis, the samples were extracted with hexane (volume
ratio=1:1) with the addition of external standard, naphthalene-d8. For each
extraction vial, a 1 mL aliquot of the extraction solvent were transferred into 1 mL
GC autosampler for analysis with a Varian CP-3800GC coupled with a Varian
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Saturn 2200 MS. External standards of DiCB, 2-chlorobiphenyl and biphenyl in
hexane (Ultra Scientific) were used to prepare calibration curves. The calibration
curves were linear over the concentration range from 0.5 to 10 mg/L with
R2>0.999 and analytical error less than 2%.

2.2.9 Chloride Analysis
The concentration of chloride ion as the main product of TCE degradation
in aqueous solution was measured by the Orion 94-17 Solid State half-cell and
Orion 96-17 iron plus Sure-Flow with Chloride Electrode. In all cases, the
instrument calibration was based on commercial standards (Fisher Scientific)
containing 1000 mg/L of the chloride with R2=0.994 and an average analytical
error of 3%. 2% (volume) of sodium nitrate (LabChem Inc., 5mol/L) was added
into the samples as the Ionic Strength Adjuster (ISA) to ensure the same ionic
strength.

2.2.10 Metal Analysis
The amount of Fe captured during ion exchange and the amount of Pd
in the hydrogel were quantified by using a Varian SpectrAA 220 Fast
Sequential atomic absorption spectrometer equipped with a Fisher Scientific
hollow cathode lamp. For Fe, the lamp was operated at a wavelength of 386.0
nm. The calibration plot was created using 4 different concentrations of Fe
ranging from 25 to 200 mg/L with R2 = 0.9998 and an average analytical error
of 2%. In the case of Pd, the lamp was operated at a wavelength of 246.6 nm
and the linear calibration range was between 0.2 and 28 mg/L Pd. The error of
analysis was < 2% with R2 = 0.9996.
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2.3 Results and Discussion
2.3.1 Synthesis of P(NIPAAm-AA) hydrogel
The synthesis of both free radical redox and photo polymerization of
NIPAAm hydrogel with PAA has extensively reported in the literatures [122-124].
Our work is to create hydrogel along with ionizable groups such as: carboxylic
groups to adsorb metal ions for post reduction with reduce agent to form
nanoparticles for catalysis. This brings in catalytic aspects domain which is an
important area particularly environmental area. This section addresses specific
aspects of the UV based polymerization steps.
Hydrogel network is the key point for the in-situ formation of nanoparticles
with both size control and shape control. Various parameters can affect the
network structure, for example, the type of monomers chemistry, the ratio
between two different monomers, the solvent, and the type and amount of crosslinker. PEGDMA with different ethylene glycol chains is a widely used crosslinker[125, 126]. Here, PEG600DMA was selected as the cross-linker due to
formation of flexible network with better diffusional characteristics[126].The
synthesis flowchart for the P(NIPAAm-AA) hydrogel and the corresponding
mechanism are shown in Figure 2.1. It should be pointed out that the thickness of
hydrogel can be easily changed by adjusting the spacer thickness. The first stage
was to characterize the polymerization steps by using ATR-FTIR. From the ATRFTIR spectra as shown in Figure 2.3, the peak at 1720 cm-1 is assigned to the
C=O group in AA, and the peak at 1650 cm -1 belongs to the overlapping of
NIPAAm and AA ranging from 1610 cm-1 to 1660 cm-1 . The band at 1550 cm-1 is
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assigned to the N-H vibration of NIPAAm[96]. The appearance of these peaks in
the P(NIPAAm-AA) hydrogel demonstrates the successful copolymerization of
NIPAAm and AA. Figure 2.4A and B show the SEM image of P(NIPAAm-AA)
surface and cross-sectional structure. Clearly, the hydrogel shows a porous
structure which is beneficial for the increase of accessibility towards the
immobilized metallic nanoparticles. In this paper, AA was utilized to pick up iron
ions and therefore immobilize metallic nanoparticles into the hydrogel network.
The thermo-sensitive NIPAAm segments can swell and deswell reversibly, which
can in turn adjust the concentration of toxic organics and the immobilized
nanoparticles in the hydrogel matrix that can modify the reduction reaction[101].
Furthermore, the swelling/deswelling facilitates the regeneration and the
reusability of nanoparticles. It’s reported that when the temperature is raised
above LCST, the hydrogel containing catalyst becomes dehydrated and it’s easy
to be removed from solution and recycled for the next cycle[127].
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Figure 2.3. ATR-FTIR spectra of P(NIPAAm-AA) hydrogel, NIPAAm and AA
monomers. The percentage of transmission scales varied in the range 10010%.
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Figure 2.4. SEM images of hydrogels after reaching swelling equilibrium at
pH 6.5 below LCST at 25℃ (A and B: surface and cross-sections,
respectively) and above LCST at 40℃(C and D: surface and cross-sections,
respectively).
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2.3.2 Synthesis of Reactive Fe Nanoparticles in P(NIPAAm-AA)
Hydrogel
As reported, the metal ion can also be bonded to the nitrogen atom from
amide group in NIPAAm chain but with lower affinity to ferrous ions[128]. Thus,
in our work, free –COOH groups from PAA segment in the hydrogel was utilized
to ion exchange metal ions for post reduction by reducing agent. It has been
reported that one ferrous ion can be complexed with two –COOH groups[129].
The mass balance of ferrous ions was calculated based on the atomic adsorption
spectrometer (AAs) analysis of the FeCl2 solution before and after the loading of
Fe2+ in the hydrogel. Assuming all the acrylic acid was polymerized in the final
co- polymer, so the amount of acrylic acid should be 0.9 mmol for per gram of dry
hydrogel weight. Base on this number, assuming all carboxylic groups are
ionized and can be complexed with Fe2+, the ration of Fe2+ to –COOH should be
0.5. Based on the results from AA analysis, our experimental value is 0.6, which
is quite reasonable. The exchanged metal ions were reduced with NaBH 4 to form
Fe nanoparticles. Correspondingly, the color of hydrogel changes from white to
black due to the formation of Fe0 nanoparticles inside the hydrogel network as
shown in the corresponding digital photos in Figure 2.2. The total iron amount
was obtained by analyze the Fe concentration before and after permeation. To
check the material balance, the reduced Fe NPs was also digested by 20wt%
nitric acid and analyze the Fe concentration by AAs.

According to the AAs

analysis results, a 94% yield of Fe nanoparticles was achieved after the
reduction of bound Fe2+ with NaBH4. This value agrees well with the established
PAA metal binding stability constant.
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It is worth noting that the formed Fe nanoparticles may have an oxide
layer on the surface even for the freshly made and nitrogen protected
nanoparticles. Literature[130, 131] data have demonstrated the formed
nanoparticles always contain a core-shell structure with Fe nanoparticles as core
and oxide as shell by spectroscopy and electrochemistry, but these nanoparticles
are still very reactive and can be used for toxic organics degradation according to
the results of the reductive reaction study. Actually, these oxide shells impart
some stability to these Fe nanoparticles in solution phase, because the
nanoparticles are very easy to aggregate in solution to form cluster leading to the
decrease of reactivity. Therefore, the hydrogel network in this work is chosen to
prevent the oxidation and aggregation of the nanoparticles.
For comparative purposes, Fe0 nanoparticles immobilized in hydrogel by
encapsulation of preformed nanoparticles were also prepared. As shown in the
SEM images, Fe0 nanoparticles directly synthesized in the hydrogel (Figure 2.5A)
are roughly spherical with a homogeneous distribution and an average size of
about 40 nm which was smaller than those encapsulated in a hydrogel network
(100 nm) (Figure 2.5B). By using this method with PAA metal ion binding
followed by reduction, iron nanoparticles can be created with uniform distribution
inside the matrix, which can prevent the migration and nanoparticles aggregation.
This is important in stabilizing the nanoparticles and controls the size of
particles[132].
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A

B

Figure 2.5. SEM images of Fe0 nanoparticles immobilized in P(NIPAAm-AA)
hydrogel. A-Fe0 nanoparticles immobilized in hydrogel by in-situ synthesis;
B-Fe0 nanoparticles immobilized in hydrogel by encapsulation.

2.3.3 Swelling Study of Temperature Responsive P(NIPAAm-AA)
Hydrogel
Swelling/shrinking in water by temperature change is a unique feature of
hydrogel, and has been widely studied by many researchers [133, 134]. The
driving force of swelling/shrinking below and above volume phase transition
temperature is usually considered to be the formation of hydrogen bonds with
water and the hydrophilicity and hydrophobicity transition which is controlled by
the property changes of side chain of NIPAAm[96-98]. This work takes the
advantages of swelling/shrinking feature of hydrogel to manipulate the reduction
of toxic organics by controlling the water content in the hydrogel network.
For better understanding of the swelling behavior, the polymer solvent
interaction parameter,

 P was calculated using Peppas-Lucht Model for cross-

linked polymer system[135, 136] as following:
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is the polymer repeat unit volume fraction in the swollen state;

is the water molar volume (18 cm3/mol);  is the number of links of

repeating unit;

M r is

density (mol/cm3);

molecular weight of repeating unit;  0 is the cross-linking



is specific volume of the polymer;

WS

weights of absorbed solvent and dried hydrogel, respectively;

and

 P and  S

densities of dried polymer and solvent, respectively (1.0 g/cm3 for
g/cm3 for  P [137]).

Wd

are the
are the

 S ; and 1.1

WS at different temperatures is obtained from the difference

between the weight of swollen hydrogel and dry hydrogel. Then

P

at different

temperatures are calculated based on Eq. 2-3. Assuming every monomer can
cross-linked and then  will always be 1. Moreover, the NIPAAm monomer can
be assumed to attach to one AA monomer. Thus the repeat unit for the network
is defined by:

M

 Mr

NIPAAm

r

Mr

AA

Eq. 2-4
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Thus

M

r

is calculated to be 185 g/mol.

 P describes the free

energy

change by mixing and the values are shown in Figure 2.7. As the temperature
increases,

P

is increased from 0.57 to 0.71, which is less than the reported

value larger than 1 for PNIPAAm [137] because the introduction of more
hydrophilic PAA chain providing more compatibility with water. The increase of

P

indicates the decreased swelling degree, which means poorer solvent for

the polymer.
Water plays an important role in the reduction of toxic organics by Fe
nanoparticles because it can facilitate the corrosion of the Fe to provide
hydrogen and electrons which can be utilized to replace chlorine in the reduction
of toxic chlorinated organics[129]. But too much water may oxidize the
nanoparticles and decrease the reactivity. So by utilizing the swelling/shrinking
feature of temperature responsive hydrogel, water content in the hydrogel
network can be modulate, which in turn can tune the toxic chlorinated organics
reduction reaction.
The preliminary swelling ratio of the hydrogel at different temperatures
was investigated to study the water content in the hydrogel matrix as shown in
Figure 2.6. The swelling ratio decreases with the increasing of temperature. The
observed water content decrease in hydrogel at higher temperatures is
consistent with the phase change behavior. In addition, the presence of
nanoparticles in the nanocomposite hydrogel does not appear to have significant
effects on the swelling ratio, which may be because of the free space left after
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the in-situ reduction of nanoparticles[99]. For complete degradation of TCE
(

C 2 Η Cl 3  4 Fe0  5 Η 2 Ο  C 2 Η6  4 Fe 2   3Cl -  5 Ο H



)[118],

the

minimum water amount for complete TCE dechlorination (30mg/L, 40mL) was
calculated to be only 0.8mg, and the excess water may cause the iron corrosion
( Fe 0  2 H O  Fe 2   H  2OH - ) and less reactivity. Therefore, by utilizing
2

2

the temperature responsive hydrogel, the water content can be properly adjusted
and modulate the reaction.

Swelling ratio
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Figure 2.6. Swelling ratio of different systems at different temperature.
Circles: blank P(NIPAAm-AA) hydrogel without any nanoparticles; triangles:
P(NIPAAm-AA) hydrogel with 0.95wt% nanoparticles by in-situ synthesis
(dry weight: 0.2 g; pH at 25℃: 6.86)
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Figure 2.7. Variation of polymer solvent interaction parameter (  P ) with
different temperatures. The values were calculated using Eq. 2-2.

2.3.4 Establishment of Hydrophobicity and Hydrophilicity Transitions
of Temperature Responsive Hydrogel by Model Organic Partitioning
Experiments
For catalytic important material, molecule transport in hydrogel is
important and only can occur in the confined space within the polymer chain[138,
139]. And thus, any factors that can reduce this space size, like hydrophobicity
and hydrophilicity transition, would also affect the movement

of molecule

through hydrogel network. Thus it is important to establish quantitively the role of
hydrophobicity and hydrophilicity of hydrogel. For such purpose, partition
coefficient (K) defined as the ratio of solubility in hydrogel and in water phase,
was determined through the use of two model compounds: methylene blue and
orange II[120, 121]. These two compounds have similar molecular weight, which
can minimize the effects of the molecular size on the affinity with the hydrogel.
The comparison of the two structures indicates that orange II is more hydrophilic
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than methylene blue due to the facile formation of hydrogen bonds in the orange
II molecule[120, 121]. The rise of solubility of methylene blue in swollen hydrogel
was observed when the hydrogels were heated from 10℃ to 45℃ (Figure 2.8A),
while the orange II shows opposite solubility change behavior (Figure 2.8B).
Such observation is consistent with the phase change of temperature responsive
segment NIPAAm. When the temperature increases, the existence of NIPAAm
makes the network to change from hydrophilic to hydrophobic, during which the
diffusion of orange II is reduced by the non-polar groups and in turn, and the
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Figure 2.8. Partitioning coefficients (K) of methylene blue (A) and orange II
(B) as a function of temperature through P(NIPAAm-AA) hydrogel (pH=6.5).
The insets are the molecular structures of methylene blue and orange II.

2.3.5 Reductive Reaction by Hydrogel Immobilized Nanoparticles
The model compound utilized for reductive reaction is a well-known
pollutant in ground water, trichloroethylene (TCE), and the objective of this
reductive transformation is to exchange Cl with H, which is commonly referred by
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environmental literature as dechlorination. It is well known that the reductive
reaction by Fe nanoparticles is through electron transfer mechanism which are
generated from Fe0 corrosion; while in the Fe/Pd bimetallic system , H2 was
generated by Fe corrosion and Pd acts as a catalyst (the dechlorination occurs
on Pd surface)[114, 140, 141]. The reductive degradation of chlorinated organics
with zero valent metallic nanoparticles is a heterogeneous reaction, which
include the adsorption of TCE on the particles surface, surface of reaction and
desorption[129]. As a reactant, TCE concentration can affect the reductive
reaction. Our previous work has established a mathematical model to study the
transport of the reactant (such as TCE) to the reactive sites by adsorption and
demonstrated that the surface TCE saturation has no effect on the reaction
mechanistic pathways[112]. The Langmurian-type quasi-sorption isotherm model
in this literature was utilized to study the TCE adsorption and the effects of TCE
concentration on the degradation reaction. The result shows at the higher TCE
concentration (500 mg/L), the total surface of nanoparticles covered by TCE
molecules has reached a saturation, and there is no more available sites for TCE
adsorption. However, in our work, dilute TCE feed concentration (30 mg/L) was
used for environmental application and the iron loading concentration is higher
than the theoretical requirement is considerably higher than the theoretical
requirement, so the complete degradation of TCE would be expected.
The dechlorination performance for Fe0 nanoparticles immobilized in a
hydrogel network is shown in Figure 2.9. Most of the bound chloride was
converted to Cl-. Some points were taken in duplicate, which shows a good
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reproducibility and stability (no nanoparticle deactivation observed). The
reductive degradation rate in batch system can be described by the pseudo-firstorder model[112]: dC dt  kobsC  kSAS mC , where “S” is the specific surface area of
the nanoparticles (m2/g) and ρm is the nanoparticle loading (g/L). In order to get
better comparison of reaction rate under different conditions, the surface area
normalized reactivity was calculated and the result is shown in Figure 2.9.
Logarithmic values of TCE concentrations are plotted versus time and best linear
fit values of the kSA can be obtained by using the experimental degradation
results. Assuming discreet spherical particles with a diameter of 40 nm, as
observed from SEM image, S was calculated to be 20m2/g. Based on these
assumptions, the calculated kSA values for the nanoparticles for DIUF water
dechlorination were determined to be 0.0066 L/m 2h for in-situ synthesized Fe0 in
P(NIPAAm-AA) hydrogel and 0.0036 L/m2h for Fe0 encapsulated in hydrogel as
shown in Figure 2.9. In this case, the concentration of chloride, the only product
of reduction reaction was also measured to determine the reactivity. In case of
complete TCE degradation, 1 mole of TCE degraded can yield 3 mole of chloride.
The chloride balances were defined as the ratio of detected chloride ([Cl -1]) over
the theoretical formation of chloride ([Cl-1]

max)

calculated from the TCE

degradation data. The formed chloride balances obtained in the above systems
were about 90%. The chloride loss can be explained by the sorption of chloride
ions on to hydrogels and nanoparticles[129, 141]. Beside the deactivation by iron
hydroxide formed on the metal surface without hydrogel matrix, the reaction rates
difference is probably due to the small and uniform particles directly formed in the
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matrix. Nanoparticles without any polymer support may cause excessive
aggregation of metal atoms. Since TCE degradation rates highly depend on the
total surface area of metal particles[115], the excessive aggregation of particles
in solution phase and in hydrogel phase by external encapsulation may cause
less surface area or loss of the available reactive sites which results in the
decrease of kSA. Also, the more free spaces left after direct reduction within the
networks may facilitate the transportation of TCE inside the hydrogel network and
as well as enhance the reaction on the reactive sites of the nanoparticles[112]. It
is also important to mention that during TCE degradation, the Fe2+/ Fe3+ ions that
are formed from the reactant Fe0 are recaptured by the carboxylic acid groups
from acrylic acid. This not only can prevent the formation of precipitate that can
inhibit the dechlorination reaction, but also make it easy for recovered ions to be
regenerated to the metal form[116]. In contrast to the homogeneous phase
nanoparticles applications, our approach has negligible loss of iron to solution
phase. Besides sodium borohydride, a highly reactive reducing agent, other
natural and non-toxic materials can replace NaBH4 as green reducing agents, for
example, vitamins, amino acid, plant surfactants and green tea extract[142, 143].
Our group has reported the utilization of green teat extract for TCE dechlorination
with reactivity ranging from 0.005 to 0.01 L/m 2h[144]. The tea extract contains a
lot of phenols acting as both dispersive and capping agents to minimize the
nanoparticles oxidation and aggregation. The direct comparison of reactivity for
borohydride and tea extract reduced nanoparticles is not appropriate due to the
different reaction mechanism. For borohydride reduced nanoparticles, the
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reaction involves both mass transfer and reaction on the surface. While for
polyphenols reduced nanoparticles, the effect of reaction is more dominant than
mass transfer[144]. Thus, A trade-off between the higher reactivity and larger
longevity of nanoparticles should be taken into account.
In addition, TCE degradation was also conducted with sample water from
a contaminated site in Paducah, KY containing 82 mg/L alkalinity, 293 mg/L total
dissolved solids and 1.2 mg/L turbidity. The detailed water quality analysis was
reported in literature[145]. As shown in Figure 2.9, the difference of degradation
results between DIUF and sample water was within 2% for the same feed TCE
concentration, which indicates the insignificant impact of hydrogel network on
dechlorination in the contaminated sites. This also demonstrates that our system
can be applied to the real world. It should be noticed that control experiments
were also conducted to prove that TCE evaporation and physical adsorption in
hydrogel has no effects on the TCE degradation. The whole hydrogel was
extracted with pentane and no TCE detected by GC-MS and also, the TCE
concentration was within 10% of the original value, which can prove that TCE
concentration decrease during dechlorination studies is completely due to
reaction with Fe nanoparticles.
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Figure 2.9. TCE dechlorination of deionized ultra-filtered water (DIUF) and
“real” water (Paducah, KY) with Fe nanoparticles in-situ and encapsulated
in P(NIPAAm-AA) hydrogel. Vol. = 43mL, initial pH: 7 (for DIUF) and 7.5(for
real water); initial TCE concentration: 30 mg/L, iron loading amount: 1g/L;
Temperature: 25℃.

2.3.6 Role of Temperature Responsive Behavior
There are extensive literatures on the role of temperature on the catalytic
behavior of Fe and Fe/Pd on various degradation reactions[146-148]. On the
other hand, the simultaneous role of hydrophilic and hydrophobic domain with the
temperature change in hydrogel along with reactivity is a new area. The reaction
rate discussed here is the overall reaction rate including the intrinsic reaction rate
and adsorption rate of TCE to reactive sites of nanoparticles[70, 116].
TCE adsorption on reactive sites can be achieved by transfer in aqueous
phase or diffusion in hydrogel matrix[129]. TCE diffusion rate in hydrogel matrix
is higher than the rate in aqueous phase because of the enhancement of
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hydrophobicity at higher temperature above LCST[96-98]. When the temperature
increases, the hydrogel become hydrophobic and thus lead to a strong
interaction with hydrophobic compounds such as TCE, i.e. a higher partitioning
rate for TCE. Based on the TCE adsorption experiment for 24h is shown in
Figure 2.10, only 30% of TCE was adsorbed at 23oC (below LCST), while it was
increased to 65% at 34oC (above LCST). However, the TCE adsorption through
PAA hydrogel shows decrease of adsorption amount when temperature
increases, which shows the importance of hydrophobic property of NIPAAm
segment. Therefore, in addition to the prevention of agglomeration of
nanoparticles, another advantage of using the temperature responsive hydrogels
is the potential change in observed particle reactivity via the temperature change
in state.
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Figure 2.10. Normalized TCE adsorption through temperature responsive
P(NIPAAm-AA) hydrogel below LCST (15℃ and 23℃) and above LCST (34℃),
feed concentration: 0.2 mM TCE, 20 mL, pH=6.8.
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To demonstrate the effects of temperature on the reduction reactivity
with hydrogel nanocomposites, the dechlorination performance with TCE or 2,
2’-dichlorobiphenyl (DiCB) by Fe/Pd bimetallic nanoparticles immobilized in a
hydrogel were studied at 34°C and 30°C which cover the polymer domain
transitions from hydrophilic to collapsed hydrophobic state as shown in Figure
2.11 and Figure 2.12, respectively. The surface area normalized reaction rate
(kSA) for Fe/Pd (1.5 wt% as of Fe) immobilized in P(NIPAAm-AA) hydrogel
indicated three times increase from 0.0156 to 0.0411 L/m 2h for TCE
dechlorination, and from 0.06 to 0.21 L/m2h for DiCB dechlorination. For
comparison, dechlorination with Fe/Pd in solution phase (about 50 nm) was
also conducted and showed only two times increase of reactivity, which
demonstrates the primary role of partitioning increase in the reactivity
improvement via temperature change for hydrogel immobilized nanoparticle. It
should be mentioned that the reactivity here is lower than the referenced
value[139]. This may be due to the reason that Fe/Pd reactivity is a strong
function of Pd loading amount, and the chloro-organics dechlorination rates
could vary by 1-5 orders of magnitude by changing the Pd loading amount[70,
114]. The TCE or PCB diffusion rate in hydrogel networks should be faster
than that in the aqueous phase when the hydrophobicity of the hydrogel
increases via a temperature increase, helping to enhance the overall
dechlorination rate as illustrated in Figure 2.13. In addition, the calculated
nanoparticles volume fraction was increased by more than 2 times, which can
expectedly lead to the enhancement of dechlorination reactivity. The
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discussion may lead to the question why not use hydrophobic polymer
immobilized catalyst and do the reaction and the same result could be
obtained. The hydrophobic polymer can indeed increase the absorption of
chlorinated organics. However, truly hydrophobic polymer cannot make
hydrogels with porous network and the synthesis of nanoparticles without any
water is also not possible. On the other hand, the hydrophilic and hydrophobic
copolymer used in this work can perfectly fit the needs.
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Figure 2.11. Batch dechlorination of TCE with Fe/Pd (Pd=1.5 wt%) (70nm)
immobilized in P(NIPAAm-AA) hydrogel at 30℃ (below LCST) and 34℃
(above LCST). Vol. = 43mL, pH=6.8; initial TCE concentration: 30 mg/L, iron
loading amount: 0.3g/L.
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Figure 2.12. Batch dechlorination of 2,2’-dichlorobiphenyl (DiCB) with
Fe/Pd (Pd=2.4%) immobilized in P(NIPAAm-AA) hydrogel at 30℃ (below
LCST) and 34℃ (above LCST). Vol. = 43mL, pH=6.8; initial DiCB
concentration: 5 mg/L, iron loading amount: 0.5g/L.
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Figure 2.13. Schematic of temperature behavior and transport of reagents
with temperature responsive hydrogel immobilized Fe0 nanoparticles.
Our lab has reported the PAA functionalization of membrane with
subsequent Fe and Fe/Pd nanoparticles immobilization to degrade a variety of
toxic chlorinated organic compounds[149, 150]. Here, P(NIPAAm-AA) hydrogel
was utilized because of the demand of not only transition but also hydrophilic ion
exchange sites, like -COOH. The use of PAA hydrogel without NIPAAm could
make it difficult to modulate hydrophobicity in the same platform. In addition,
some minimum water content is required to maintain the reaction as the reactivity
will drop to zero[129] if iron nanoparticles are placed in completely hydrophobic
domain such as polydimethylsiloxane (PDMS). Therefore, by the use of
P(NIPAAm-AA)

hydrogel,

all

of

these

requirements

about

hydrophobicity and hydrophilicity, minimum water content and

balanced

ion exchange

groups, post capture of dissolve Fe can be achieved. Here, it should be pointed
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out that the cycle for TCE/PCB degradation between low temperature (below
LCST) and high temperature (above LCST) was just used to prove the concept
that the use of temperature responsive hydrogel can modulate the dechlorination
reaction reactivity by control the water content in the matrix and enhance the
affinity and partitioning of hydrophobic TCE/PCB to the polymer matrix. Even
though the high temperature above LCST of NIPAAm is impractical in real water
treatment application, the main purpose is to look at the fundamental aspects.
Furthermore, the transition temperature can be decreased by introduction of
hydrophobic moiety (such as, tert-butyl methacrylate (tBMA), butyl methacrylate
(BMA), etc) into the copolymer as widely reported in the literatures[151-153].
A common problem for using nanoparticles in solution phase is that the
oxidation of iron by dissolved O2 in water and iron corrosion by water can lead to
the loss of iron and formation of precipitates. In contrast, the use of hydrogel with
the carboxylic groups can effectively prevent precipitation to give longevity. Our
preliminary study with a multi-trial TCE dechlorination studies (6h for one trial)
proved no loss of reactivity even after 3 days’ storage, which can be very
practical for environmental application to prevent aggregation and loss of
reactivity as compared to conventional nanoparticles.

2.4 Conclusions
In conclusion, temperature responsive P(NIPAAm-AA) hydrogel prepared
by free radical polymerization have been investigated as templates for the in-situ
formation of nanosized Fe particles with uniform size and distribution. The
hydrogel immobilized Fe nanoparticles showed a strong reactivity for the
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reductive degradation of a model toxic chlorinated organic, a common pollutant,
TCE and could be recyclable and reused. Furthermore, the reduction reaction
rate was modulated by taking advantage of hydrophobic and hydrophilic
transitions (30 to 34℃) through controlling the swelling and collapse of the
hydrogel at LCST of temperature responsive hydrogel. The development of
reactive polymer hydrogel with nanoparticles and controlled partitioning should
lead to applications ranging from organic synthesis to pollution control.

2.5 Broad Application Prospect
The combination of hydrogels or polymers and metal nanoparticles has
generated a new class of catalytic materials. The key aspect of hydrogel network
is suitable for in-situ or ex-situ preparation of nanoparticles. The free space in the
hydrogel matrix can act as nanoscopic domain, which is excellent and efficient
for the growth of nanoparticles, providing not only stabilization but also
prevention of oxidation. Thus, the size, the morphology and the shape of
nanoparticles can be controlled by varying the polymer/metal ratio or the crosslinking degree, which endow them with particular surface properties[154, 155].
Furthermore, the catalytic reaction rate can be modulate through controlling the
swelling and shrinking of the host hydrogel network by temperature change. Thus,
one can envisage a broad application of these systems in temperature
dependent catalytic reactions, such as, in the fields of synthesis of amino
compounds in a large scale and wastewater treatment. In addition, the electronic
properties can also be controlled by the utilization of nanoparticles/responsive
hydrogel composites. For example, the presence of Au nanoparticles inside
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PNIPAAm hydrogel provides tunable electronic and optical properties through the
swelling and shrinking thermal transition[155]. Beside the application in catalytic
reaction, responsive polymer can also be utilized in separation area. For example,
the functionalization of chromatographic columns with PNIPAAm moiety[156]
was reported to obtain tunable separation of peptides through the control of
hydrophobicity and hydrophilicity transition.
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Chapter 3 - Development of Bench and Full-Scale
Temperature and pH Responsive Functionalized PVDF
Membranes with Tunable Properties
3.1 Introduction
Environmentally sensitive polymers have gained considerable attention in
areas ranging from new material designs to drug delivery and composite
biomaterials[38, 157-159]. These polymers can transform between swollen and
shrunk state reversibly in response to environmental conditions such as pH,
temperature, light, the nature of solvent and added chemicals[44, 160, 161]. For
example, poly(acrylic acid) (PAA) is a typical polyelectrolyte and particularly used
in sensing and modulating external chemical signals due to the conformation
change based on pH change and ionic strength of the aqueous media[162].
Poly(N-isopropylacrylamide)(PNIPAAm), on the other hand, is the most widely
studied temperature responsive polymer. It exhibits remarkable and reversible
hydration-dehydration changes in temperature near lower critical solution
temperature (LCST) at around 32oC[163]. Below the LCST, the polymer network
is hydrophilic due to the formation of the hydrogen bonding between amide
groups on the PNIPAAm chain and water molecules. When the temperature
increases higher than the LCST, the hydrogen bonds are broken and water is
expelled from the network leading to the hydrophobic network[98, 164]. These
smart polymers are considered to have great potential in a wide variety of
applications, such as, controlled drug delivery, chemical separation, water
treatment, sensor and bioreactors[47, 165, 166].
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Unfortunately these polymers usually lack mechanical strength to be used
alone for a particular application. Therefore, responsive membranes with the
combination of a responsive hydrogel and a porous substrate membrane have
been developed [42, 167]. The porous supports can provide mechanical strength
and dimensional stability. Several micro-porous supports have been reported
including

poly(vinylidene

fluoride)

(PVDF)[166],

polyethylene

(PE)[168],

polypropylene (PP)[169], poly(ethylene terephthalate) (PET)[170], polycarbonate
(PC)[171]. PVDF is known to have advantages of good thermal and chemical
resistance properties and also the asymmetric structure is known to have lower
mass transfer resistances[172]. Our group has already published the formation of
PAA hydrogels inside the pores of PVDF membranes for in-situ nanoparticle
fabrication and toxic organic remediation[150, 173].
Since temperature responsive polymer is the most easily designed and
controlled among these stimuli, thermo-responsive membranes have gained
special interest. Most thermo-responsive membranes have been prepared by
forming PNIPAAm chains directly in/on porous membranes. The methods
reported include UV photo-grafting, plasma modification, irradiation and ion–
tracking[51, 174, 175]. These macroporous membranes with PNIPAAm hydrogel
can act as a valve with controlled or adjusted permeability due to the open and
close of membrane pores caused by the shrinking and swelling of PNIPAAm
chain according to the temperature changes. In comparison with conventional
separation process, this proposed membrane system may have the potential to
separate mixtures of molecules with similar molecular sizes through selective
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adsorption of different molecules based on the modification of hydrophobicity and
hydrophilicity by immobilized thermo-sensitive gel[51]. Moreover, the process has
both feed and permeate streams, which can allow the continuous flow and allow
to collect the permeate with a temperature swing operation. Besides the use of
advanced separation, this system also has the potential to water treatment
technology[176]. This platform can be used as a support to immobilize metal
nanoparticles for catalytic dechlorination of toxic chlorinated organic compounds
with the prevention of aggregation, oxidation and potentially tunable reactivity via
the change of temperature. On the other hand, the immobilized functional
polymers in the membrane support are important for the gating of stimuliresponsive permeability of membranes. Therefore, several important parameters,
such as the grafting yield, the morphologies of filled polymer gel, the molecular
size of permeate and initial membrane pore size have been reported to play an
important role[177] and need to be investigated. For responsive membranes,
stable responsive characteristics are also very important and essential.
The synthesis of temperature responsive membranes have been
published for the application of controllable drug release. However, the synthesis
of both temperature and pH responsive membranes for both separation and
reactions based on full-scale membranes hasn’t been reported yet. Therefore,
the main objectives of this study are: (1) preparation and characterization of
PNIPAAm functionalized

PVDF membrane;

(2) investigation about

the

temperature responsive on solvent permeation properties; (3) studies of the
effects of monomer concentration and cross-linker amount on the temperature
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responsive permeation flux behavior; (4) the development of both temperature
and pH responsive membrane based on full-scale membrane to evaluate the
feasibility of continuous manufacture of functionalized membranes and (5) the
synthesis of PNIPAAm-PAA-PVDF with immobilized metal nanoparticles for
catalytic dechlorination.

3.2 Experimental
3.2.1 Materials
All chemicals were used as reagent grade. Hydrophilized polyvinylidene
fluoride (PVDF) microfiltration membranes were obtained from Millipore (average
pore size: 0.65 m, thickness:125m, porosity: 70%, diameter: 142 mm) and fullscale PAA-PVDFHE membrane[178] (hydrophilized, average pore size: 0.42 m,
PVDF layer thickness: 70 m porosity: 45−55%) was obtained from Ultura Inc.,
Oceanside, CA. N-isopropylacrylamide (NIPAAm), N,N’-methylenebisacrylamide
(BIS),

ammonium

persulfate

(APS),

N,N,N’,N’-tetramethylethylenediamine

(TEMED), acrylic acid (AA) and ethanol (>99.5%), dextran (Mw=2,000,000 g/mol)
were purchased from Sigma-Aldrich. Deionized ultra-filtered water (DIUF) was
from Fischer Scientific. Ultra-high purity (UHP) nitrogen gas used in flux
experiments was purchased from Scott Specialty Gases.

3.2.2 Synthesis of PNIPAM-functionalized PVDF Millipore Membrane
Although many membranes can be used for this application, PVDF
membrane was chosen in this paper because of its chemical resistance
properties and good thermal stability[172]. The thermo-sensitive PNIPAAm-
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PVDF membrane was prepared via pore-filling method by the redox
polymerization as reported in the literatures [179, 180]. The polymerization was
conducted in the aqueous phase. The polymerization solution contained 5 wt%
NIPAAm (monomer), BIS (cross-linker, added in a 0.1-5% molar ratio of BIS to
NIPAAm), and 1% APS (initiator). The solution was purged with nitrogen for 1h.
After adding 1% of redox accelerator, TEMED, the PVDF membrane was put into
the solution and the reaction continued for 6h at 25oC. The resulting composite
membrane was taken out from the gel carefully and immersed in DIUF overnight.
The effects of cross-linker density and monomer concentration were also studied.
The full-scale FPAA-PVDFHE flat sheets (1.0 m wide and 91.4m long, 70
m PVDF thickness) were recently developed by joint work with Ultura Inc,
Oceanside, CA. These hydrophilized PVDF membrane support was made with
backing fabric to increase material stability. They have fairly uniform geometry,
open structure and polymer distribution. The full-scale membrane was postfunctionalized with PNIPAAm to get both temperature and pH responsive
behavior. It should be noted that unlike the Millipore PVDF membrane, the
functionalization of full-scale membrane was by dip-coating method. Therefore, a
higher NIPAAm concentration (13wt%) is used to make sure enough polymer
formed in the pores. 1 mol% of BIS and 1 mol% of APS with respect to NIPAAm
were added to the solution, and the membrane was immersed in the monomer
solution for 5 min. The membrane was sandwiched into two glass plates after
getting rid of excess solution on the membrane surface and put it in the oven for
2.5h at 70oC. The membrane was washed with DIUF and ethanol for several
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times, and immersed in DIUF overnight. The schematic for the PNIPAAm
functionalization with full-scale FPAA-PVDFHE Ultura membrane (PNIPAAmFPAA-PVDFHE) is shown in Figure 3.1. The membrane description and their
abbreviation are shown in Table 3.1.

Figure 3.1 Schematic of proposed interpenetrating network (IPN) formation
by post PNIPAAm functionalization of full-scale cross-linked FPAAPVDFHE Ultura membrane (PNIPAAm-FPAA-PVDFHE).
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Table 3.1 Functionalized Membranes Utilized in Experiments

Membrane
abbreviation

Membrane full name

PNIPAAm-PVDF

PNIPAAm functionalized
Millipore PVDF membrane in
lab-scale

FPAA-PVDFHE

Full-scale PAA functionalized
PVDFHE membrane by joint
work with Ultura Inc. CA, USA

PNIPAAm-FPAAPVDFHE

Post PNIPAAm functionalized
FPAA-PVDFHE membrane in
lab-scale

3.2.3 Attenuated Total Reflectance Fourier Transform Infrared (ATRFTIR)
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) (Varian
7000e) was used to determine the presence of functional groups in PNIPAAmPVDF membrane. The samples were placed on the diamond crystal and the
spectrum was obtained between 500 and 4000 cm -1 for 32 scans at a resolution
of 8 cm-1.

3.2.4 Scanning Electron Microscopy (SEM)
The surface and cross-section morphology of the blank PVDF and
PNIPAAm-PVDF membranes were studied by Hitachi S-4300 Scanning Electron
Microscope (SEM). The samples were mounted on the sample studs and a thin
layer of gold was sputtered on the sample surface for imaging purpose. The SEM
measurements were performed at an accelerating voltage of 10 kV.
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The effect of temperature on the morphology of membranes was also
investigated. The membranes were swelled in water at temperature 25oC and
40oC for 48h to reach equilibrium, respectively. Then, the membrane was taken
out and immediately put it in liquid nitrogen, and freeze dried. The dry samples
were used for SEM analysis.

3.2.5 Thermal Analysis
The thermal properties of the PNIPAAm-PVDF membrane were measured
by thermogravimetric (TG) analysis and differential scanning calorimetry (DSC).
For TG analysis, the samples were heated up to 600 oC with a rate of 10oC/min
under dry nitrogen atmosphere by using a TGA 2050 thermo-gravimetric
analyzer (TA Instrument, USA). About 4 mg sample was used. For DSC
analysis[166, 179], the samples were immersed into distilled water at room
temperature for at least two days to reach a swollen state. About 5 mg swollen
sample was placed inside a hermetic aluminum lid. The thermal analyses were
performed from 25 to 55 oC on the swollen hydrogel samples under a dry
nitrogen atmosphere with a flow rate of 25 mL/min and a heating rate of
2.5oC/min.

3.2.6 Atomic Force Microscopy (AFM)
The membrane surface was also characterized by AFM (Agilent PicoPlus
3000) using a resonance frequency of approximately 150 kHz in tapping mode.
The average roughness (the average deviation of the peaks and valleys height
from the mean value) was determined on 5 m × 5 m membrane area. All AFM
images were processed and presented using Gwyddion software.
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3.2.7 X-ray Photoelectron Spectroscopy (XPS) Analysis of Membrane
Surface
The surface composition of membrane was characterized using an X-ray
photoelectron spectroscopy (Thermo Scienctific K-Alpha) with Al/K (h=1486.6
eV) anode mono X-ray source. The sample was directly mounted on a sample
holder then transferred into the analyzer chamber. The whole spectra of all the
elements with much high resolution were recorded with the Avantage software.
Each survey spectra was the average of five survey scans.

3.2.8 Temperature-responsive Flux Measurements
The water permeability was measured at different temperatures to study
the temperature responsive flux behavior of

PNIPAAm-PVDF Millipore

membranes and PNIPAAm-FPAA-PVDFHE Ultura membrane. The tested
membrane was mounted in a stirred cell (Millipore). The stirred cell containing
the feed water was kept in constant temperature for at least 1.5 h by electrical
heating tape with a digital thermocouple to continuously monitor the internal feed
temperature at the membrane-solution interface. The cell was pressurized using
pure nitrogen. Once the membrane flux reached steady-state, volume flux was
measured in triplicates by recording the volume passed in a given time interval. A
final run was conducted by adjusting the feed temperature back to 30 oC to test
for reversibility.

3.2.9 Dextran Rejection
The solution consisting of 2 g/L dextran (MW = 2,000,000 g/mol) was fed
into a convective flow cell and was equilibrated at 30oC for 1h at 1.4 bar. After
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first run, the DIUF feed was replaced with dextran solution at 30.0°C to wash the
membrane. Then,

a second rejection study was conducted at 34.0°C. All

experiments were conducted in triplicate and average values are given. After
equilibration, multiple permeate and feed samples were collected for total organic
carbon (TOC) and gel permeation chromatography (GPC) analysis.

3.2.10 Total Organic Carbon (TOC) Analysis
The total organic carbon was analyzed using a TOC analyzer. Carbon
standards were prepared in the range from 1-100 mg/L and were used to
generate a calibration curve. Samples were automatically introduced to the TOC
analyzer (experimental error <2%). Ultra-high purity nitrogen was used as the
carrier gas at 87.0 psi and a flow rate of 150 mL/min.

3.2.11 Gel Permeation Chromatography (GPC)
Feed and permeate samples (1mL) were analyzed by a Shimadzu HPLC
system with a Shimadzu refractive index detector (RID-10A). The gel permeation
column used was a Shimadzu (Tokyo, Japan) TSK-GEL G6000PWXl. Column
temperature was maintained at 30±1oC. For analysis, the column was operated
under isocratic flow conditions of 0.5 mL/min with phosphate buffered saline
(PBS) (0.0119M phosphates, 0.137 M NaCl, 0.0027 KCl) (pH 7) as the mobile
phase. Before injection, the samples were filtered with 0.45 m PVDF porous
membrane.
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3.2.12 Salt Rejection through PNIPAAm-FPAA-PVDFHE Ultura
Membrane
Na2SO4 rejection experiments were performed using a stirred membrane
cell provided by Millipore with a membrane cross-sectional area of 13.2 cm2
including a stirring device to minimize the effects of concentration polarization.
The effects of Na2SO4 concentration on the rejection was also investigated by
using 100 mg/L and 1000 mg/L concentration. The sodium concentration was
measured with a Varian AA220 series atomic absorption spectrophotometer.

3.2.13 Metallic Nanoparticles Synthesis within PNIPAAm-FPAAPVDFHE Membrane
The method for the synthesis of nanoparticles is developed by our group
and described anywhere else[150, 173]. Before ion exchange with Fe2+, the
membrane was immersed in NaCl/NaOH solution (pH=11.9) overnight to convert
–COOH to –COONa. In the next step, the membrane was washed with DIUF
until the pH of the effluent became neutral. Then, the membrane was immersed
in 200 mL 200 mg/L FeCl2 solution at a pH of 5.5 for 4 h. Nitrogen gas was
bubbled to minimize the oxidation of Fe2+. The reduction with sodium borohydride
ensured the Fe0 nanoparticle formation. The membrane was stored in ethanol to
prevent the oxidation. For the deposition of second metal (Pd) on the surface of
Fe nanoparticles, the membrane was immersed in K2PdCl4 solution of ethanol
and water (90:10 vol%). The concentration of K2PdCl4 solution varied based on
the Pd amount desired to be deposited on the Fe nanoparticles. The amount of
Fe and Pd immobilized in the membranes during the ion exchange and post
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coating

was

quantified

using

Varian

AA220

series

atomic

absorption

spectrophotometer with the wavelength of 386.0nm and 247.6 nm respectively.

3.3 Results and Discussion
3.3.1 ATR-FTIR Spectroscopy of PNIPAAm Functionalized PVDF
Membrane
The functionalization of the PVDF membranes with PNIPAAm was
characterized by ATR-FTIR spectroscopy as shown in Figure 3.2. The
characteristic absorption band for CF2 of blank PVDF appears at 1120-1280 cm-1
[181]. Compared with the spectrum of blank PVDF membrane, two new peaks
appeared at about 1650 and 1540 cm −1 in both spectra of PNIPAAm-PVDF and
PNIPAAm-FPAA-PVDFHE composite membrane. The absorption band at about
1650 cm−1 belongs to the second amide C=O stretching (amide I) and the band
at 1540 cm−1 is corresponding to the N–H stretching (amide II) of the O=C–NH
groups in the PNIPAAm chains [174, 175, 182]. The peaks in 1366-1466 cm-1
range are corresponding to the symmetrical and asymmetrical bonds of isopropyl
groups from NIPAAm. This comparison results verified the formation of
PNIPAAm with PVDF membrane support by pore-filling method.
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Figure 3.2. ATR-FTIR spectrum of blank PVDF, PNIPAAm functionalized
PVDF Millipore membrane and PNIPAAm-FPAA-PVDFHE Ultura membrane.

3.3.2 Thermal Analysis
The thermal stability of blank PVDF and PNIPAAm-PVDF Millipore
membranes were evaluated by TGA, and the resulting TGA curves are presented
in Figure 3.3. The blank PVDF begins to decompose at about 460oC[181], while
the PNIPAAm-PVDF shows a distinct two-step degradation process. This
phenomenon is attributed to the degradation of PNIPAAm graft chains and PVDF
main chains at different temperatures. The first major loss of PVDF-PNIPAAm
begins at about 400oC, corresponding to the decomposition of PNIPAAm
chains[175, 179]. The onset of second major loss occurs at about 460oC, which
is attributed to the decomposition of PVDF main chains. The lower critical
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solution temperature (LCST) was determined by DSC to be about 32oC (Figure
3.4) for PNIPAAm-PVDF functionalized membrane, which is consistent with the
reported LCST of PNIPAAm[98, 166].
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Figure 3.3. TGA curves of blank PVDF(A), PNIPAAm functionalized PVDF
membrane (B) and the PNIPAAm homopolymer (C). The heating rate is 10
o

C/min.
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Figure 3.4. DSC thermograms of (A) PNIPAAm-PVDF
membrane (heating rate=0.5oC/min), (B)PNIPAAm-PVDF membrane
(2.5oC/min), (C)PNIPAAm hydrogel with (heating rate =0.5oC/min).

3.3.3 Microstructure and Morphology Analysis
3.3.3.1 SEM
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The morphologies of the blank PVDF and PNIPAAm-PVDF Millipore
membranes were examined by SEM shown in Figure 3.5. The blank PVDF
Millipore membrane shows (Figure 3.5A) a highly porous structure with mostly
circular shape and non-uniform pore size. As expected, the functionalized
PNIPAAm-PVDF membrane (Figure 3.5B and C) showed less porosity with small
size of pores. The grafted hydrogels were not removed in the rinse treatment,
which indicate the strong attachment between the PNIPAAm hydrogel and the
PVDF membrane[171]. The microstructure showed strong evidence of the
polymerization of NIPAAm onto the membrane.

A

20 m

B

20 m

C

20 m

20 m

Figure 3.5. SEM images of blank PVDF (A) and PNIPAAm-PVDF Millipore
membranes (B: 25oC(below LCST); C: 40 oC (above LCST))
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On the other hand, the surface images (Figure 3.6A and B) of PNIPAAmFPAA-PVDF Ultura membranes clearly show that the PNIPAAm was coated on
the surface with decrease of pore size. Furthermore, it can be obviously seen
from the cross-section images (Figure 3.6C and D) that the PNIPAAm hydrogel
filled in the pores through the whole FPAA-PVDF layer resulting in a denser
membrane and less porosity. It should be noted that all the SEM images are
obtained under dry conditions. Therefore, the real morphology of PNIPAAmFPAA-PVDF membranes may be more different from FPAA-PVDF membrane.
These results are consistent with the reported methods by using different
membrane supports and synthesis techniques [183, 184].

A

B
5 m

5 m

C

D
5 m

5 m

Figure 3.6 SEM images of full-scale FPAA-PVDFHE Ultura membrane
surface (A) and cross-section(C) and PNIPAAm-FPAA-PVDFHE Ultura
membrane surface (B) and cross-section (D).
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The temperature effect on the structure of composite membrane was also
studied and showed in Figure 3.5B and C. It indicates that the membrane pore
size is increased when temperature increases from 25 oC (below LCST) to
40oC(above LCST). This phenomenon is consistent with the change in
conformation and orientation of the PNIPAAm chain near the LCST. When the
temperature is below the LCST, the PNIPAAm hydrogel on the membrane or the
inner pores swells and occupies the pore volume, which decrease the effective
pore size. Whereas when the temperature above the LCST, the PNIPAAm
hydrogel changes to a shrinking state, leading to the increase of the effective
pore size. Therefore, by adjusting the initial monomer concentration, the porefilling density in the membrane support can be controlled, which in turn regulate
the temperature responsive behavior as detailed discussed in the following
section.
3.3.3.2 AFM
AFM was chosen to characterize the surface morphology of full-scale
PVDFHE and functionalized PNIPAAm-FPAA-PVDF ultura membranes as shown
in Figure 3.7. Average roughness is defined as average deviation of the peaks
and valleys from the mean plane and root mean squared (RMS) roughness is the
RMS deviation of the peaks and valleys. The untreated PVDF membrane
showed a flat surface, but as shown in Figure 3.7, PNIPAAm-FPAA-PVDF
membrane roughness increases and has many isolated rough spots, which was
also found with PNIPAAm grafted PET membrane[185, 186]. The remarkable
topography change is attributed to the grafting of PNIPAM chains.
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PVDF-HE

(a)

FPAA-PVDFHE

RMS=73 nm

(b)

RMS=132.4 nm

RMS=262 nm
PNIPAAm-FPAAPVDF-HE

Figure 3.7. AFM image blank full-scale PVDFHE Ultura membrane,
functionalized FPAA-PVDFHE membrane, PNIPAAm-FPAA-PVDFHE Ultura
membrane: (a) top view and (b) 3D.
3.3.3.3 XPS
Figure 3.8shows the respective survey and C1s core-level spectra of the
blank and functionalized membranes. Compared with the survey of blank
FPVDFHE (Figure 3.8A, left), the increase of O (1s) intensity (Figure 3.8B) (left)
confirms the appearance of PAA on the membrane. While the F(1s) peak

89

intensity decreased, accompanied by the appearance of N (1s) peaks in Figure
3.8C(left) indicates the introduction of PNIPAAm on FPAA-PVDFHE membrane.
The C1s core-level spectrum for all the membranes was curve-fitted. For FPAAPVDFHE membrane, there are two peaks with the binding energy (BE) at 286.0
eV for the CH2 group, 290.6 eV for the CF2 groups[187]. The C1s core-level
spectrum for FPAA-PVDFHE was curved-fitted with four peaks. The two peaks
with BE at 286.0 eV (CH2) and 290.6 eV (CF2) is assigned to be PVDF main
chains. The peak with BE at 288.6 eV belongs to the O-C=O group from the
formed PAA polymer chains on the membrane[188]. The peak with BE at 284.7
is attributed to the hydrocarbon backbone of the PAA polymer[189]. On the other
hand, the C1s core-level spectrum for PNIPAAm-FPAA-PVDFHE was also
curved-fitted with four peaks. The peak with BE at 284.8 eV belongs not only to
the hydrocarbon backbone from PNIPAAm, but also to that of PAA. The peaks
with BE at 286.2 eV, 287.6 eV and 288.9 eV are attributed to HN-C=O
(PNIPAAm), CO and COOH (PAA). It should be noted that the XPS can only
characterize the membrane surface with 0-10 nm thickness. The disappear of
PVDF peaks in the C1s core-level spectrum for PNIPAAm-FPAA-PVDFHE may
because the formation of PNIPAAm on the membrane surface.
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Figure 3.8. XPS survey (Left) and C1s core-level spectra (right) of (A)
FPVDFHE; (B)FPAA-PVDFHE;(C) PNIPAAm-FPAA-PVDFHE membranes.

3.3.4 Temperature Responsive Water Flux through the PNIPAAmPVDF Membranes
To investigate the pore opening and closing of PNIPAAm functionalized
PVDF membrane due to the swelling and shrinking behavior with response to
temperature changes, the water permeability of PNIPAAm-PVDF membrane was
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measured at temperature below and above LCST. The effects of cross-linker
amount and monomer amount are investigated in this section.
3.3.4.1 Theory
According to Hagen–Poiseuille’s (HP) equation [171, 179], the fluid flux is
dependent on the following factors:

J

NAP D 4
( )
8L
2

Eq.3-1

Where J is the volume flux (L/m2/h); N is the membrane pore density; A is
the membrane area; D is the pore diameter;  is the dynamic viscosity of water, L
is the membrane thickness, and ΔP is the transmembrane pressure difference.
According to this equation, the flux is inverse proportional to the viscosity, which
is also related to temperature. Therefore, to eliminate the temperature effects,
reported flux was normalized by:

J

J T ηT

η

Eq. 3-2

o

25 C

Where JT and represents the reported flux and viscosity at temperature
T, and 25oC represents the viscosity of water at 25oC.
Assuming a cylindrical pore and uniform polymer distribution throughout
the membrane pores, the effective pore size can be calculated from Eq.1 based
on the water flux measurement. Then the volume fraction () of the polymer in
the membrane is:

  1（
- D f / Do ) 2
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Eq. 3-3

Where Do is the pore diameter for blank membrane; Df is the pore
diameter for functionalized membrane.
3.3.4.2 Effects of Cross-linker Amount
In an attempt to control the membrane flux response, the effect of crosslinker amount was investigated. Figure 3.9 shows the water fluxes of PNIPAAmPVDF membranes with different cross-linker amounts ranging from 0.1% to 2%.
As for comparison, the permeability of blank PVDF membrane is 3809L/m2/h/bar.
When temperature increased, the permeability of blank PVDF membrane was
increased to 4864L/m2/h/bar due to water viscosity decrease (as indicated in
Eq.1). To eliminate the effects of viscosity, all the flux data were normalized with
viscosity at 25oC. As shown in Figure 3.9, PNIPAAm-PVDF membranes show
obvious thermo-responsive characteristics. The ratio of flux at 30oC (below LCST)
and 34oC (above LCST) was plotted in Figure 3.9to directly compare the degree
of response. For all the cross-linker amounts from 0.1 to 0.5 mol%, an increase
in the relative permeability ratio or “valve” ratio was observed reaching a
maximum of approximately 15 at the temperature about 34oC (above LCST). The
valve mechanism was achieved by the transition between the polymer swelling
(30oC) and shrinking (34oC) to close and open the membrane pore[175, 182] (as
shown in the SEM image (Figure 3.5(B) and 3.5(C)). The constant
permeability(J30’/J30=1) when temperature was returned to 30oC, indicates the
temperature responsive reversibility and stability. For cross-linker amounts
increased from 0.5 and up to 2.0 mol%, the permeability ratio decreased, but still
retained temperature-responsive behavior. At higher crosslinker amount, the
lower temperature response is due to the limited movement of PNIPAAm chains
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immobilized in membrane pores, which can reduce the swelling ratio of
hydrogel[179, 186]. Therefore, by varying the cross-linker amount, swelling–
shrinking ratio of the thermo-sensitive membrane can be modified leading to
greater or lesser flow through the membrane pores.
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Figure 3.9. Dependence of thermally on-off ratio on the cross-linker
amounts in the range from 0.1-2.0 mol% in for PNIPAAm-PVDF Millipore
membrane (P=1.4 bar). For all the membranes, the NIPAAm concentration
for polymerization solution was 5 wt%. Data was corrected with viscosity
and normalized by permeability at 30°C.
3.3.4.3 Effects of Monomer Concentration
Since this temperature-dependent permeation is due to the conformation
change of PNIPAAm chain on the surface and also in the membrane pores, the
response of functionalized PVDF membranes can be regulated by the control of
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grafting amount of NIPAAm. Figure 3.10 shows the relationship of flux and
NIPAAm concentration. The flux was decreased as the increase of NIPAAm
concentration. Wang et al[190] has proved the linear relationship between
grafting amount and NIPAAm concentration in the range of 0-15%.Therefore,
more pores will be occupied by the polymer with the monomer amount increase,
which leads to the reduction of water permeability. According to the HagenPoiseuille’s law, the mean effective pore diameter was calculated base on Eq. 1
and the result is shown in Figure 3.10. It shows the effective pore diameter
decreased from 230 nm to 100 nm (650 nm for blank PVDF) with the increase of
monomer amount from 1 to 5 wt% due to the increase of pore coverage by
PNIPAAm hydrogels. By adjusting the monomer concentration, one would expect
to control the morphology of the membrane pore and further regulate the
temperature responsive behavior. This result is consistent with the previous
reports by Lue and Wang’s group[179, 186] and also a further proof of PNIPAAm
inside the membrane pores.
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Figure 3.10. Effect of monomer (NIPAAm ) concentration on water flux at
1.4 bar and calculated effective pore size for PNIPAAm-PVDF Millipore
membrane. cross-linker concentration = 1mol%.

3.3.5 Quantification of Temperature Dependent Unsteady-state
Membrane Flux
In order to reveal the dynamics of thermo-responsive gating behavior, the
unsteady-state hydraulic flux through the PNIPAAm-PVDF membrane was
plotted against controlled step changes in solvent feed temperature as shown in
Figure 3.11. The feed temperature was raised by 4 degrees from 30.0°C to
34.0°C within an interval of 180 seconds. The observed change in steady-state
flux was found to occur over a relatively short time interval of approximately 20
minutes. The second run (red circle, Figure 3.11) shows agreeable reproducibility
in absolute flux measurements as well as reversibility of temperature flux
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response over a similar time interval. The reversible flux response supports the
conclusion that the stable network of cross-linked hydrogel and porous PVDF
support provides increased mechanical robustness over extended periods of use
and higher operating pressures.
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Figure 3.11. Dynamic and Reversible flux response versus ramp change in
feed temperature above LCST and below LCST through PNIPAAm-PVDF
Millipore membrane at P = 1.4 bar. The inset is the experimental
temperature step change approximation. For the polymerization, the
NIPAAm concentration was 5 wt%, cross-linker was 0.1mol%.

3.3.6 Temperature and pH Dependent Hydraulic Permeability of
PNIPAAm-FPAA-PVDFHE Membrane
The flux of aqueous solutions through the PNIPAAm-FPAA-PVDFHE
Ultura membrane was investigated as functions of both temperature (in the
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temperature range from 22oC to 45oC) and pH (pH=4, 6.3, 7.3). The water
permeability data are plotted against temperature and fitted with error
function[171].

 T  Tc 2 
erf (T )  A  B 0 exp 
2 dT



T


T

Eq. 3-4

Where A and B are independent constants, Tc is the LCST (oC), and T is
the temperature transition change from open-state to closed-state (oC). By using
this model, the experimental parameters, such as open-state permeability, closestate permeability, switching temperature, switching range can be determined.
The regression was performed through a nonlinear least-squares curve fitting
(lsqnonlin) in MATLAB®. The results are shown in Figure 3.12 and the fitted data
are in Table 3.2. For comparison, the temperature has no effects on the full-scale
FPAA-PVDFHE Ultura membrane as shown in the inset of Figure 3.12. In
general, the water flux through the PNIPAAm-FPAA-PVDFHE Ultura membrane
is both temperature and pH dependent. The water flux decreases with the
increase of water pH from 4 to 7.3 at a fixed temperature. The volume fraction of
hydrogel in FPAA-PVDFHE and PNIPAAm-FPAA-PVDFHE membranes are
estimated to be 51% and 92% (pH=6.5) respectively, by using Eq. 3-1 and Eq.
3-3.The volume fraction can significantly affect the transport of solute through the
membrane pores and can be easily optimized by changing the grafting ratio of
the hydrogel or using a membrane with different size.
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Table 3.2. Temperature responsive water flux fitting parameters (Eq. 3-4) by
error function (Tc = LCST; T are in oC)

pH

A

B

TC

T

2

R

4

17.5 50.0 32.4

1.0 0.998

6.3

13.8 30.4 32.3

1.5 0.986

7.3

3.3

5.7 0.995

4.2

34

Figure 3.12. Temperature and pH effects on the pure water flux at 3.8 bar
through PNIPAAm-FPAA-PVDFHE Ultura membrane. For the polymerization,
the NIPAAm concentration was 13 wt%, cross-linker was 1mol%. The inset
is the temperature effect on the full-scale FPAA-PVDFHE Ultura membrane
(pH=6.5, P=0.3 bar). All the flux Data were corrected with viscosity. Data are
fitted by error function. Dark red broken circles represent the flux data
obtained with different temperature at pH=6.3 after the run at pH=7.3 to
check the stability and reversibility.
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It should be noted that after the run at pH=7.3, another run with different
temperatures at pH=6.3 was conducted (dark red broken circle in Figure 3.12).
The same flux data indicates that the pH and temperature-dependent changes in
water flux are completely reversible. The change in flux in response to pH can be
caused by the conformation change of acrylic acid polymer chain in the
PNIPAAm-FPAA-PVDFHE Ultura membrane. It also shows that at higher
temperature, the pH sensitivity is also enhanced. When the temperature is higher
than 32oC (above LCST), the water flux exhibits a more marked increase with the
pH decreasing from 7.3 to 4 (Figure 3.12). This may because the PNIPAAm
polymer collapses and becomes hydrophobic at temperature above LCST. More
ionized carboxylate groups at higher temperature[191], allows the enhanced
interaction between PAA chains and water[189]. As a consequence, pH
sensitivity at higher temperature is increased. Furthermore, the temperature
sensitivity increases in the lower pH range. As shown in Figure 3.12, the flux
showed more obvious change at pH=4 than pH=7.3. This phenomenon can be
explained that the PNIPAAm chain will play an predominant role when the PAA
polymer chain exhibit a helical conformation at lower pH[151, 192, 193]. More
PNIPAAm chain will interact with water leading to a higher temperature sensitivity.
Furthermore, as documented, the PNIPAAm-PAA copolymer can shift the
LCST to higher temperature, or even worse, can cause the loss of temperature
responsivity at higher pH value[194]. However, in this work, the results (Figure
3.12 and Table 3.2) shows pH and temperature response are independent and
the pH values has negligible effect on LCST. This may because PNIPAAm and
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PAA are chemically independent with the formed interpenetrating network
(IPN)[195] by post polymerization of NIPAAm (cross-linked) within the crosslinked PAA gel network. It also offers more favorable mechanical properties when
compared with individual cross-linked network[122]. Therefore, it can broaden
the system to very sensitive application, such as, drug delivery. Also, the
alterable water flux can be utilized as a sensor and valve to control the liquid
transfer process by temperature response.
Since the polymer was not covalently bonded with the membrane, a
natural question might be raised about the stability of the membrane. Firstly, the
reversible temperature and pH responsive properties can be cycled repeatedly
as shown in Figure 3.11and Figure 3.12. Secondly, to check the long term
stability of the membrane, the water flux and responsive properties of a same
membrane sample were tested over two experimental periods which were 6
months apart. The water flux slightly decreases from 14 L/m2/h to 12 L/m2/h at
pH=6.3 and T=23oC during the 6 months time interval. In addition, the
temperature responsive on-off ratio was reduced from 6.8 to 6.4 calculated from
the ratios of permeability at 40oC to that of 25oC at pH 6.3. The on-off ratio also
slightly decreased from 4.6 to 4.3 for pH 4 to pH 7 at T=25oC. These data confirm
the stability of the responsive membranes and the promising potential in
controlled separation or drug release applications.

3.3.7 Dextran Rejection through PNIPAAm-PVDF Membranes
The dramatic change of pore size of the thermo-sensitive membranes
makes it possible to separate molecules with different size. To evaluate the
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temperature effect on the separation behavior, dextran was utilized and the
rejections with respect to temperature are shown in Figure 3.13 and Figure 3.14.
The dextran molecular weight is 2,000,000 g/mol and the feed concentration is 2
g/L. For both PNIPAAm-PVDF (Millipore) and PNIPAAm-FPAA-PVDFHE (Ultura)
membranes, the flux of solution increases, while the dextran rejection decreases
with the increasing of temperature. The reduction of rejection can be explained
by the pore size increasing, which leads to more molecules transport through the
pore at higher temperature. To further prove the rejection results, GPC
experiment was conducted to evaluate the dextran concentration before and after
the dextran permeation and the result is shown in Figure 3.15. PNIPAAm-PVDF
Millipore membrane (5% NIPAAm with 5% cross-linker) (Figure 3.13) was used
as an example and the result shows that as expected, at lower temperature with
higher rejection (almost 100%), the dextran concentration in the permeate is
almost 0, which is consistent with that of TOC results.
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Figure 3.13. The effects of temperature and monomer concentration on
dextran rejection with PNIPAAm-PVDF Millipore membrane (5mol% crosslinker) (Mw=2,000,000 g/mol; stoke radius rs= 26.1nm, calculated from
rs=0.27·Mw0.498).
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Figure 3.14. The effects of temperature and pH on dextran rejection of
PNIPAAm-FPAA-PVDF Ultura membrane (Mw=2,000,000g/mol; stoke radius
rs= 26.1nm, calculated from rs=0.27·Mw0.498).
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Figure 3.15. GPC results of dextran rejection with PNIPAAm-PVDF Millipore
membrane below and above LCST (PNIPAAm-PVDF membrane was made
of 5% NIPAAm and 5% cross-linker).
The monomer concentration effect on the dextran rejection was also
investigated as shown in Figure 3.13. The dextran rejection is obviously
increased from 5% to 95% (30oC) with the monomer concentration increasing
from 1% to 5%. The pH effect on the dextran rejection through PNIPAAm-FPAAPVDFHE Ultura membrane was also investigated as shown in Figure 3.14. It
indicates that at constant temperature, the dextran rejection increase with the
increase of pH from 4 to 7.3. This result is in good agreement with the swelling
and shrinking of PAA chain in membrane pores. At pH 7.3 above pKa (~4.5),
the PAA chain swells and reduces the pore size which subsequently decrease
the pore size of the membrane and increase the mass transfer resistance,
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resulting the high dextran rejection. For better comparison, the dextran rejection
through full-scale FPAA-PVDFHE Ultura membrane at different pH was also
studied, which shows no rejection at pH=4 and 6.3, and only 9% rejection at
pH=7.3. The confirms that the significant increase of dextran rejection through
PNIPAAm-FPAA-PVDFHE Ultura membrane is due to the formed temperature
responsive PNIPAAm chains in the membrane.

3.3.8 Na2SO4 Rejection through PNIPAAm-FPAA-PVDFHE Ultura
Membranes
To further illustrate temperature effects on the nanofiltration type
separation properties, single salt rejection studies were performed using 100
mg/L and 1000 mg/L Na2SO4 at different temperatures as shown in Figure 3.16.
The salt rejection is based on both steric exclusion and donnan exclusion.
Therefore, Na2SO4 rejection through full-scale FPAA-PVDFHE Ultura membrane
was firstly studied as a control experiment to eliminate the charge effect by PAA.
The result shows 12.2% rejection at 25oC, 11.5% at 30oC and 5.3% at 34oC at
pH=6.5, which is attributed to to the high salt diffusion through the membrane at
higher temperature [196]. On the other hand, for PNIPAAm-FPAA-PVDFHE
Ultura membrane, the rejection increased to 32% at temperature below LCST
and 25% at temperature above LCST because of the more dominated steric
exclusion than donnan exclusion. It should be noted that the increase of the salt
concentration from 100 mg/L to 1000 mg/L reduces the Na2SO4 rejection from 30%
to 5% (25oC), which is reasonable because as the salt concentration increases,
the electrostatic repulsion between polymer chains reduces, so the interaction
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between salt and membrane decreases leading to the less rejection of salt[196].
These results will be more important because this separation properties through
polymer filled membrane can be switched from molecules selective from ultrafiltration to micro-filtration or even just filtration (transport of all molecules)
through only the temperature and pH change.
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Figure 3.16. Na2SO4 rejection through PNIPAAm-FPAA-PVDFHE Ultura
membrane at different temperatures (feed conc.=100 mg/L and 1000 mg/L,
P=3.8 bar, pH=6.5).

3.3.9 Catalytic Dechlorination
In our previous publication[197], PNIPAAm-PAA hydrogel has been used
as support to immobilized nanoparticles and used in the degradation of toxic
chloro-organics with improved reactivity by the temperature responsive polymer.
In this work, the hydrogel was filled within the membrane to increase the
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mechanical strength and can be used under convective flow to reduce the mass
transfer resistance. Another advantage is that the nanoparticles amount in the
membrane pore can be controlled. As shown in Figure 3.17, after 3 runs, the iron
loading amount is increased to about 15 mg. The corresponding flux is also
shown in Figure 3.17. With the increase of nanoparticles amount in the
membrane, more membrane pores are occupied, causing the reduction of flux.
Since the nanoparticles are formed by iron exchange followed by reduction, the
free –COOH groups from PAA can also be utilized to capture ferrous ion again.
Therefore, the iron loading amount can keep increasing. However this will
sacrifice the effective membrane pore size, which in turn requires high pressure
for the reaction. By adjusting the iron loading amount, the optimized reaction
reactivity can be obtained.
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Figure 3.17. Iron loading amount by three times of ion exchange under
convective flow and corresponding water permeability through PNIPAAmFPAA-PVDFHE Ultura membrane. Fe-1, Fe-2 and Fe-3 are iron nanoparticles
formed by the 1st, 2nd and 3rd ion exchange.
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The nanoparticles were studied for the degradation of trichloroethylene
(TCE), an ubiquitous pollutant. The detailed information about using Fe or Fe/Pd
nanoparticle for dechlorination can be found in our publications[150, 173, 198].
Pd is used to catalyze the reaction. The reactivity can be calculated by the
pseudo-first order model[109, 140]:

dC
  k SA S  m C
dt

Eq. 3-5

Where, C is TCE concentration in water (mg/L); kSA is surface area
normalized reactivity(L/m2h); S is the specific surface area of nanoparticles
(m2/g); m is the mass concentration of nanoparticles (g/L), t is the time (h).
Figure 3.18 shows the successful degradation of TCE by Fe/Pd
nanoparticles (50 nm size as shown in the inset SEM image) with 70% of TCE
degradation and 90% of chloride formation as the product within 3 h. The surface
area normalized reactivity was calculated to be 0.15 L/m 2/h by using Eq. 3-5,
which

is

consistent

with

reported

dechlorination

reactivity

by

Fe/Pd

nanoparticles[118, 140, 198]. Our previous study shows three times increase of
reactivity

by

using

Fe/Pd

nanoparticles

immobilized

in

PNIPAAm-PAA

hydrogel[197]. Our future work will involve the effect of temperature on reactivity
by Fe/Pd nanoparticles within temperature responsive PNIPAAm-FPAA-PVDF
membrane. Furthermore, the cooperative work for full-scale membrane
manufacturing will continue to optimize the membranes for direct reactive
nanoparticles synthesis. For the first time, direct in-situ synthesis of NPs in the
full-scale membranes is conducted and thus will enhance the application for onsite groundwater treatment.
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Figure 3.18. TCE dechlorination using Fe/Pd nanoparticles (diamond
symbols) in PNIPAAm-FPAA-PVDF Ultura membrane .The inset figure is the
SEM image of nanoparticles in membrane pore. The diamond symbols
represent the control experiment with only membrane (no metal particles).

3.4 Conclusion
In this study, temperature responsive PNIPAAm-PVDF and both pH and
temperature PAA-PNIPAAm-PVDF membranes prepared by pore-filling method
with wide range of both monomer concentration and cross-linker were
investigated systematically. A rapid and reversible swelling and shrinking of
PNIPAAm chains can enlarge and reduce the effective pore size of the
membrane. The water flux through the temperature responsive membrane varied
by up to15 times for temperature changes from 30 oC(below LCST) to 34 oC
(above LCST). The system can be employed as a sensor or a valve with
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temperature response. Dextran solution was used to evaluate the separation
properties by this temperature responsive membrane and the result showed
dramatic separation performance change by temperature change. To our
knowledge, full-scale pore functionalization of PVDF microfiltration membranes to
obtain responsive behavior has not been reported in the literature. Direct
synthesis of catalytic metal nanoparticles with various loading amounts was
established for toxic chloro-organics degradation. This functionalized membrane
with tunable size-selectivity and temperature-responsive features can advance
the separation process.

3.5 Broad Application Prospect
Conventional separation is mainly based on the size exclusion. However,
a novel separation system with diverse separation performance ranging from MF,
UF to NF in one single platform via the change of external stimuli can be
developed via the utilization of responsive membranes. This system has the
potential to be extended to the application in the areas of bioseparation and
water treatment, tissue engineering, drug delivery and antifouling surfaces. In
addition, the physical property of the membrane pores (such as, pore size and
microstructure) and surface composition could be modified through various
fabrication methods leading to the improvement of the efficiency of many
technological processes.
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Chapter 4 - Polymerization and Functionalization of
Membrane Pores for Water Related Applications
4.1 Introduction
Poly(vinylidene fluoride) (PVDF) is widely studied and used polymers,
especially for industrial application due to its excellent chemical and mechanical
and UV stability properties[199-201]. PVDF membranes have been extensively
used in ultrafiltration and microfiltration for separation process and wastewater
treatment, and currently are explored as contactor, and bioseparation[199, 200,
202-205]. A new interesting application is involving the use of PVDF blends to
make artificial muscles[206]. In addition, there is increasing interest in
membranes with environmentally sensitive functionalities for applications ranging
from drug delivery, cell encapsulation, electronic devices, sensors to water
softening[207-211].
To obtain desirable applications, PVDF membranes can be chemically
and/or physically modified. Methods are currently used including coating[212],
adsorption[213], grafting functional groups or graft polymerization to the
membranes[189, 200, 214, 215], and chemically modification of membrane
materials[216]. Due to its good chemical resistance and high filtration efficiency,
PVDF membranes has been widely used for water treatment[217]. In our
previous work, we described modification methods to endow PVDF with pH and
temperature responsive properties via dip-coating or solvent phase in-situ
polymerization[116,

198,

209].

These

functionalized

membrane

were

subsequently used as a support to immobilized Fe or Fe/Pd nanoparticles to
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remove toxic chloro-organics from groundwater[11, 116]. In this paper, we extend
previous studies and present a new method to form covalently bonded PAA onto
the PVDF membranes involving chemical treatment of the pristine membrane
with alkaline solutions. The reaction mechanism with alkaline degradation of
PVDF is shown as following[218-222]:

 (CH 2  CF2 )   XOH  (CH  CF )   XF  H 2O
Where X= Na or K or Li.
The dehydrofluorinated PVDF polymer has formed conjugated double
bonds or polyenes structure which can be attacked with specific reactants to
introduce functional groups, such as acrylic acid (AA). This creation of covalent
bonding can eliminate the concerns on the stability of polyacrylic acid chain on
the PVDF membrane prepared by dip-coating or in-situ hydrogel cross-linking
method.
The purpose for the creation of functionalized membranes is to be utilized
for immobilization of metal nanoparticles for degrade toxic chlorinated organics
As expected, more metal loading leads to higher reaction rate, which requires
higher surface area of the support PVDF membranes. Therefore, in this paper,
another improvement was developed to modify the pristine PVDF structure.
Since PVDF membranes are usually made by phase inversion method induced
by immersion of a cast solution in a polymer non-solvent bath[223, 224], the
membrane morphology, porosity, flux and retention properties can be affected by
the casting and immersion parameters[199, 225, 226]. Herein, in this work, the
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sponge-like PVDF membrane is designed to get higher ion adsorption capacity
resulting higher nanoparticles loading.
The main goals of present study are to: (1) create dehydrofluorinated
membranes for the introduction of proper functional groups through covalently
bonding; (2) investigate the effect of alkaline treatment time on the membrane
structure; (3) study the pH responsive behavior of functionalized PVDF
membrane; (4) prepare sponge-like PVDF membrane with high surface area.

4.2 Experimental
4.2.1 Materials
Sodium hydroxide(NaOH), acrylic acid (AA), ammonium persulfate (APS),
ferrous chloride tetrahydrate (FeCl2•4H2O), sodium borohydride (NaBH4),
trichloroethylene (TCE), N, N-dimethylfomamide (DMF), lithium chloride (LiCl)
were purchased from Sigma-Aldrich. Deionized ultra-filtered water (DIUF) was
purchased from Fisher Scientific. The PVDF membrane and PVDF powder(Kynar
761) (Mw=350,000 g/mol) was kindly offered by Ultura Inc. Oceanside, CA.
Polyvinylpyrrolidone (PVP) (Mw=40,000 g/mol) was purchased from Polysciencs,
Inc. Ultra-high purity (UHP) nitrogen gas used in flux experiments was purchased
from Scott Specialty Gases. All the chemicals were used without further
purification.

4.2.2 Dehydrofluorination of PVDF Membrane (Def-PVDF)
A piece of PVDF membrane was soaked in 15 wt% NaOH solution in 40
mL DIUF for 10 min. Then, the membrane was sandwiched between two glass
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plates and placed in an oven at 70oC to react for 1h, 3h and 22h, respectively.
The final membranes were washed with DIUF until the pH became neutral.

4.2.3 PAA functionalization of PVDF membranes (PAA-Def-PVDF)
The dehydrofluorinated PVDF membrane was functionalized with
polyacrylic acid (PAA) by free radical polymerization. The polymerization reaction
was performed in aqueous phase. The polymerization solution contained 11.1 wt%
acrylic acid (monomer) and 0.4 wt% of APS (initiator). The PVDF membrane was
dipped in the polymerization solution for 5 min, sandwiched between two glass
plates and placed in an oven at 90oC for 2 h.

4.2.4 Preparation of Spongy PVDF Membranes (SPVDF)
The spongy PVDF membranes were made by phase inversion method.
The casting solution was made of 20wt% PVDF, 2wt% PVP, and 78wt% DMF
and heated to 50oC. A film of PVDF solution was first casted on a glass plate
( 23-25% humidity), and then immersed in water solution at 50 oC for coagulation.
After 10s, the formed membrane was put in pure water at 23 oC to wash and le
dried in the oven. The full-scale SPVDF was also fabricated under same
condition in Ultura Inc. Oceanside CA to check the feasibility of continuous
manufacture of membranes.

4.2.5 Attenuated Total Reflectance Fourier Transform Infrared (ATRFTIR)
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) (Varian
7000e) was used to determine the presence of functional groups in
dehydrofluorinated PVDF and functional membranes. The samples were placed
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on the diamond crystal and the spectrum was obtained between 500 and 4000
cm-1 for 32 scans at a resolution of 8 cm-1.

4.2.6 Scanning Electron Microscopy (SEM)
The surface and cross-section morphology of the blank PVDF, Def-PVDF,
functionalized membranes, and spongy PVDF were studied by Hitachi S-4300
Scanning Electron Microscope (SEM). The samples were mounted on the
sample studs and a thin layer of gold was sputtered on the sample surface for
imaging purpose. The SEM measurements were performed at an accelerating
voltage of 10 kV.

4.2.7 X-ray Photoelectron Spectroscopy (XPS) Analysis of Membrane
Surface
The surface composition of membrane was characterized using an X-ray
photoelectron spectroscopy (Thermo Scienctific K-Alpha) with Al/K (h=1486.6
eV) anode mono X-ray source. The sample was directly mounted on a sample
holder then transferred into the analyzer chamber. The whole spectra of all the
elements with much high resolution were recorded with the Avantage software.
Each survey spectra was the average of five survey scans.

4.2.8 Water flux Measurement
The water permeability was measured at different pH to study the pH
responsive flux behavior of PAA-Def-PVDF. The tested membrane was mounted
in a stirred cell (Millipore). The stirred cell containing the feed water with different
pH. The cell was pressurized at different pressures using pure nitrogen. Once the
membrane flux reached steady-state, volume flux was measured in triplicates by
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recording the volume passed in a given time interval. A final run was conducted
at pH 4 to test for reversibility.

4.2.9 Na2SO4 Rejection
Na2SO4 rejection experiments were performed using a stirred membrane
cell provided by Millipore with a membrane cross-sectional area of 13.2 cm2
including a stirring device to minimize the effects of concentration polarization.
The feed Na2SO4 concentration is 100 mg/L. The permeate sodium concentration
is measured with a Varian AA220 series atomic absorption spectrophotometer.

4.2.10 Synthesis of Fe/Pd Nanoparticles in Membrane and
Dechlorination
The method for the synthesis of nanoparticles is developed by our group
and described anywhere else [8, 150, 197]. The Fe/Pd nanoparticles were made
by ion-exchange with Fe2+, sodium borohydride reduction and post palladium
coating. The dechlorination was conducted in 40 mL vial. Samples were loaded
with nanoparticles and TCE solution at 30 mg/L. The TCE concentration was
determined after a certain time interval by extracting the sample with pentane
and analyzed by gas chromatography (HP Series II model 58590) with a mass
spectrometer (GC-MS). The detailed information about nanoparticles synthesis
and dechlorination can be found in literatures[150, 198, 209].
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4.3 Results and Discussion
4.3.1 Dehydrofluorination and PAA Functionalization of PVDF
Membranes
The PVDF membranes were treated with 15wt% of sodium hydroxide for
different hours. Prior to the treatment, the PVDF membranes were white in
appearance. After treatment, a color change was observed for all the membranes
from light yellow, deep yellow to even black as shown in Figure 4.1. The ATRFTIR spectra of blank PVDF, Def-PVDF and PAA-Def-PVDF membranes are
shown in Figure 4.2. The characteristic peaks at 1403 and 1600 cm -1 are
corresponding to –CH2 and C=C, respectively (Figure 4.2(B), (C), (D)). This is
due to the formation of polyene on the treatment with a change in fluorocarbon
groups of PVDF (1000-1250 cm-1) (Figure 4.2(A)). As the increase of treatment
time, the intensity of carbon double bond increases. It should be noted that the
C=C bond is inactive in infrared leading to the lower absorbance intensity at 1600
cm-1 [218]. The hydrocarbon at peaks 1350-1450 cm-1 and 800-900 cm-1 don’t
change significantly with treatment. As documented in the literatures[218], the
polyene could further react with the hydroxyl anion from the base solution,
leading to the formation of hydroxyl groups. But oxygen is not observed in the
ATR-FTIR spectra of dehydrofluorinated PVDF.
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(a)

(b)

(c)

(d)

Figure 4.1. Change in color of the PVDF membranes after treatment with 15%
of NaOH for different hours at 70oC: (a) 0h, (b) 1h, (c) 3h, (d) 22h.
As for the PAA functionalized Def-PVDF membranes, the appearance of a
obvious peak at 1720 cm-1 belongs to the –COOH stretching vibration. It worth to
note that no cross-linker was used for the PAA functionalization. Since PAA is
highly hydrophilic, they will be washed out if it’s not cross-linked. This result
together with the ATR-FTIR spectra obviously demonstrate the PAA was
successfully covalently grafted onto the surface of the PVDF membrane.
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Figure 4.2. ATR-FTIR spectrum of blank PVDF, Def-PVDF and PAA-DefPVDF membranes. A: blank PVDF; B:Def-PVDF with 1h NaOH treatment; C:
Def-PVDF with 3h NaOH treatment; D: Def-PVDF with 22h NaOH treatment;
E: PAA-Def-PVDF (3h’s treatment).

4.3.2 SEM Analysis
The morphologies of the blank and functionalized PVDF membranes were
characterized by SEM as shown in Figure 4.3. Blank PVDF membrane (Figure
4.3(A)) shows fairly porous structure with mostly circular shape and uniform pore
size. The effect of treatment time with NaOH on the structure of membrane was
also investigated by SEM shown in Figure 4.3(B) and (C). When treated with less
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time (such as, 1h or 3h), no change of membrane surface was observed as
shown in Figure 4.3(B). While when treated for 22h, large pores are formed on
the membrane surface (Figure 4.3(C)). The membrane is also easy to crack with
less mechanical strength due to the loss of fluorine by dehydrofluorination. From
Figure 4.3(D), it can be clearly seen that PAA is grafted on the membrane
surface and also has a little effect on the structure of the PVDF membrane.

A

B

5 m

5 m

C

D

5 m

5 m

Figure 4.3. SEM image of blank PVDF (A), dehydrofluorinated PVDF-3h
(B) and -22h (C)and PAA-Def-PVDF(D).

4.3.3 XPS Analysis of PAA-PVDF Membranes
The surface compositions of the blank membrane, dehydrofluorinated
PVDF membrane and PAA functionalized dehydrofluorinated PVDF membrane
were investigated by XPS. Figure 4.4 shows the respective survey spectra of
these membranes. Compared with blank PVDF membrane (Figure 4.4(A)), the
dehydrofluorinated PVDF membrane (Figure 4.4(B)) shows a higher level of
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noise due to the change of surface roughness after treated with NaOH solution.
The dehydrofluorination is proved by a reduction of fluorine intensity, and relative
increase of carbon intensity. The decrease in fluorine concentration and increase
in oxygen concentration with time is also shown in Figure 4.5. These quantitative
data indicates that most of dehydrofluorination happens in the first hour of the
treatment and the rate slows down. As shown in Figure 4.4C, the increase of
carbon and oxygen intensity indicates the PAA was grafted on the membranes.
Figure 4.6 show the respective C1s core-level spectra of the blank PVDF and
PAA-Def-PVDF membranes. The blank PVDF membrane can be fitted with two
main peaks at 286eV for CH2 groups and 290.6eV for CF2 groups[209, 218]. On
the other hand, the C1s spectra of PAA-Def-PVDF membrane can be fitted with
five chemical species. The peak with binding energy at 288.5eV belongs to the
O-C=O species of the grafted acrylic acid (AA) groups[209]. The peak with
binding energy at 286.4eV can be assigned to CO of AA groups and the peak
with binding energy at 284.6eV is assigned to CH2 groups from grafted PAA
polymer [217].
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Figure 4.4. XPS survey spectra of PVDF (A), Def-PVDF(B), and PAA-DefPVDF(C).
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Figure 4.5. Changes in XPS elemental percentages of fluorine and carbon
with different treatment time with 6 M NaOH.
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Figure 4.6. XPS C1s core-level spectra of blank PVDF (A) and PAA-DefPVDF (B) membranes.

4.3.4 Thermal Analysis of Membranes
Figure 4.7 shows the DSC curves of the pristine PVDF, def-PVDF and
PAA-Def-PVDF membranes. It’s well known that the pristine PVDF membrane is
partially crystalline polymer because of its symmetrical structure with a melting
point at about 173oC [189]. After dehydrofluorination, the melting point for the
Def-PVDF membrane doesn’t change as shown in Figure 4.7(b). However, after
the covalently binding of PAA on the dehydrofluorinated PVDF membranes, the
structural symmetrical structure of PVDF is partially destroyed, resulting the
decrease of melting point to 168oC (Figure 4.7(d)). On the other hand, the PAA
functionalized PVDF membranes by pore-filling methods showed no obvious
change of melting point (Figure 4.7(c)) due to the formation of blends without any
chemical bonding. Thus, the DSC results suggest that the grafting of PAA chains
on the membrane should impart the membranes with the enhanced and stable
functionalities.
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Figure 4.7. DSC thermogram of (a)pristine PVDF, (b) Def-PVDF, (c)PAAPVDF by pore filling method and (d) PAA-Def-PVDF.

4.3.5 pH Responsive Flux of PAA Functionalized Def-PVDF
Since PAA was presented in the membranes, water permeation through
the membrane with pH response would be expected. The pH effects on the water
flux of PAA-Def-PVDF functionalized membrane are shown in Figure 4.8. For
better comparison, the flux of pristine PVDF membrane, and Def-PVDF under
different pressures are also shows in the Figure. As expected, when the
membrane was functionalized with PAA, the flux decreases. It also shows that as
the pH of feed solution increases, the water flux decreases. This is consistent
with previous findings, where similar tests were done with PAA functionalized
PVDF membrane by pore-filling method[150]. The change in flux in response to
different pH is caused by the conformation change of acrylic acid polymer chain
in the membrane. The linear relationship between water flux and applied
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pressure and constant flux at pH 4 under different runs indicate that the PAA
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functionalization on the membrane is very stable.
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Figure 4.8. pH effect on the pure water permeability of the PAA-Def-PVDF
functionalized membrane.

4.3.6 Ca 2+ Pick-up
The amount of –COOH groups in the functionalized membrane can be
characterized by the amount of entrapped Ca2+ because the free –COOH groups
have high affinity to Ca2+. Therefore, 100 mL1000 mg/L Ca2+ solution was
permeated through the membrane. The feed and permeate samples were
collected and the Ca2+ concentration was analyzed by a Varian AA220 series
atomic absorption spectrophotometer (AAs). The amount of Ca2+ picked up is
about 0.015 mmol/cm2 membrane area. Based on the ion exchange principles,
the assumption is that 1 mol Ca2+ can bind to 2 mol carboxyl. Therefore, the
calculated –COOH amount is 0.03 mmol/cm2. Our previous publication[150]
showed that for PAA-PVDF membrane made by pore-filling methods, Ca2+
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picked up can be ranged from 0.008 to 0.014 mmol/cm 2 with different crosslinking degree. Here, proper cross-linker amount are required to keep the PAA
functionalization stable without washing out. However, too much cross-linking will
block the pore and increase the mass transfer resistance. In comparison, the
method presented in this work through covalently bonding PAA onto the
membrane surface can avoid this problem.

4.3.7 Na2SO4 Rejection
The effect of pH on the ion exclusion of the PAA functionalized Def-PVDF
membrane is also evaluated and the result is shown in Figure 4.9. When the pH
is at 8, the average solute rejection is about 70%. While, at lower pH (around
pH=4), the observed rejection is decreased to 10%. This dramatic decrease of
solute rejection is because of the helix-coil transitions of the PAA chain based on
the pH change[227, 228]. At lower pH, the PAA chain is protonated, which can
reduce the overall charge and thus decrease the electrostatic interaction
between membranes and permeate ions[229]. When the pH increases to pH=8,
the PAA is ionized with enhanced electrostatic interaction and thus higher
rejection.
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Figure 4.9. Effect of feed solution pH on the ion exclusion (P=0.7 bar)
of a 100 mg/L Na2SO4 solution through PAA-Def-PVDF membrane.
The dependence of Na2SO4 rejection on permeate flux for a PAA
functionalized PVDF membrane is shown in Figure 4.10. The observed decline in
rejection at higher flux, is in direct contrast to experimental trends generally
observed for ion separations in dense media, such as, reverse osmosis (RO),
nanofiltration (NF). For NF type membranes, solution rejection increases with the
increasing flux due to the reduced effect of diffusion. The microporous
membranes used in this study show non-uniform distribution within the pore
geometry, primarily due to the incomplete pore coverage resulting from nonuniform functionalization or low chain length to pore ratio. At higher applied
pressures, there is enhanced flow through the region without the coverage of
PAA chains due the reduction of hydrodynamic thickness of PAA layer[15].
Commercial nanofiltration membranes is reported 95 to 99% Na 2SO4 rejection.
However, these membranes have about 1 nm pore size and are operated under
pressures ranging from 10 to 40 bar[230, 231]. This specific experiments involve
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the pressure at only about 0.7bar.Therefore, the development of much more
effective membranes will require much higher PAA loading and the limitation of
the core region.
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Figure 4.10. Effect of operating pressures on the ion exclusion of a 100
mg/L Na2SO4 solution at pH=6.5 through PAA-Def-PVDF membrane.

4.3.8 Reductive Dechlorination
The nanoparticles were used for the dechlorination of TCE, an ubiquitous
pollutant. Figure 4.11 shows the successful degradation of TCE with time by
Fe/Pd nanoparticles. It can be modeled as a pseudo-first-order heterogeneous
reaction[109, 140, 232]:

dC
  k SA S  m C
dt

Eq. 4-1

Where, C is TCE concentration in water (mg/L); kSA is surface area
normalized reactivity(L/m2h); S is the specific surface area of nanoparticles
(m2/g); m is the mass concentration of nanoparticles (g/L), t is the time (h).
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Under the reaction conditions described in Figure 4.11, the kSA is calculated to be
0.11 L/m2h, which is consistent with the literature reported dechlorination
reactivity by Fe/Pd nanoparticles[8, 112, 118, 144].
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Figure 4.11. TCE dechlorination by Fe nanoparticles immobilized in PAADef-PVDF membrane. Vol.=43 mL, initial pH=6.8, initial TCE concentration:
30 mg/L, iron loading amount: 0.2 g/L (Pd=1.4wt% of Fe), Temp.= 25 oC.

4.3.9 Spongy PVDF Membranes (SPVDF)
The SPVDF membrane was prepared by phase-inversion method in labscale first. The full-scale SPVDF was also developed to check the feasibility of
continuous manufacturing membrane. Both membranes show the same water
permeability. In this study, full-scale SPVDF was used to enhance the membrane
uniformity and stability. The morphologies of spongy PVDF membranes are
shown in Figure 4.12. The cross-section image shows highly inhomogeneous
structure with large voids and cavities of different size and shape under the skin
layer. The magnified views of the upper and the lower parts of the membrane
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cross-section (Figure 4.12(b), (c), (d)) supplies more detailed information on the
membrane structure. The membrane exhibits a large number of sponge-like
cavities beneath the upper skin layer. The void volume of sponge-like PVDF
membrane can be estimated as follows[233]:

Void volume (%)  [(Vm  Vp )/Vm ]  100 

L  A  (Wm /ρ p )
 100
L A

Eq. 4-2

Where, Vm and Vp are the membrane volume and volume occupied by
PVDF polymer respectively. L is the PVDF membrane thickness (cm), A the
membrane area (cm2), Wm is the mass (g) and p is the density of PVDF and is
about 1.78 g/cm3. The properties of SPVDF was compared with our previous
PVDF from Millipore as shown in Table 4.1. The SPVDF membrane shows high
porosity at about 78.6% and almost 4 times higher surface area compared with
PVDF (Millipore). Although the SPVDF showed less permeability, the skin layer
can enhance antifouling property and the highly porous structure can eliminate
the mass transfer resistance[233].
Table 4.1. Comparison of SPVDF and PVDF(Millipore)

a

: Supplied by manufacturer; b: Smuleac et al[150].
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Figure 4.12. SEM images of surface and cross-section spongy PVDF
morphology under different magnification (a) surface, ×15k; (b) crosssection of whole picture, ×300; (c) skin surface and macroporous matrix,
×4k; (d) microporous matrix under skin surface, ×10k; (e) interconnected
fibrous structure in the microporous matrix, ×10k.
With more surface area, a higher grafting yield will be expected. Therefore,
these two membranes were functionalized with acrylic acid under same condition.
The morphology of membrane after functionalization was characterized by the
SEM and is shown in Figure 4.13. The PAA-SPVDF surface shows less porosity
and becomes rough (Figure 4.13(a) and Figure 4.12(a)). In addition, by contrast,
different regions of cross-sections clearly show the structure difference. As
shown in Figure 4.13(b) and (c), the pore inside the SPVDF substrate are filled
with small clusters, indicating the formation of PAA. The permeability was
measured and the ion exchange capacity was evaluated by Ca 2+ pick up on
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these two functionalized membranes. The results are shown in Table 4.2. As
expected, the PAA functionalization on SPVDF shows high grating yield at about
81.1wt% compared to 13wt% for that on PVDF(Millipore). The adsorption
capacity of the PAA-SPVDF increases in the first 1h, then varies a little and
remains constant at 3.2 mg/cm2 ( 265.1 mg/g). The PAA-SPVDF membrane
shows high ion-exchange performance with almost 10 times higher than PAAPVDF(Millipore) as shown in Table 4.2. The SEM-EDS spectra shows the
elemental composition and distribution of species and gives the atom ratio of 3.3
(oxygen over Ca) (Figure 4.14). This value agrees well with the established PAAmetal binding stability constant[234].

Figure 4.13. SEM image of surface and cross-section of PAA-SPVDF
morphology (a) surface, x15k; (b) overall of cross-section, x1k;
(c)magnified structure, x15k.
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Table 4.2. Comparison of PAA functionalization of SPVDF and
PVDF(Millipore);
adsorption
data obtained using
1000and
mg/L
CaCl2 solution
Table 2. Comparison
of PAA functionalization
of SPVDF
PVDF(Millipore);
adsorption data obtained using 1000
mg/l6.3
CaCl2 solution at pH 6.3
at pH

Weight Permeability
gain (%)* (L/m2/h/bar)

Membrane

Adsorption
capacity(mg
Ca2+/cm2)

Adsorption capacity
(mg Ca2+/g
membrane)**

PAA-SPVDF

81.1

5.8

3.2

265.1

PAAPVDF(Millipore)a

13

23

0.32

14.4

* Weight gain from acrylic acid functionalization in pores
** g membrane refers to total weight without support fabric
a: Smuleac et al. [33]
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Figure 4.14. SEM-EDS spectra of PAA -SPVDF membranes loaded with
calcium ions.
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4.4 Conclusion
The PVDF membrane treated with alkaline solution leads to a modified
polymer (Def-PVDF) with conjugated double bonds confirmed by ATR-FTIR and
XPS spectra. The introduced double bonds make it suitable for the covalently
attached PAA polymer. The PAA-Def-PVDF membrane shows pH responsive
behavior on both the hydraulic permeability and solute retention. This porous
medium offers less resistance to solvent transport, allowing for higher permeation
rates at much lower operating pressures with less energy consumption. The
PAA-Def-PVDF membrane was also utilized as a support to immobilize metal
nanoparticles to remove toxic chlorinated compounds (such as, TCE) from water.
The asymmetric membrane with macroporous sponge-like structure was
successfully prepared by phase inversion method in both lab-scale and largescale. The modified PVDF membrane shows high surface area, high porosity and
higher yield of PAA functionalization compared to normal PVDF membrane. The
ion-exchange capacity of Ca2+ is 3.2 mg/cm2 (265 .1 mg/g) with 10 times higher
than normal functionalization. The PAA-SPVDF membrane can be used to
remove heavy metal ion from water due to its good ion-exchange property.
These two modification of PVDF can extend the development of functionalized
membrane with more applications.

4.5 Broad Application Prospect
The introduction of double bonds through alkaline treatment allows the
enhancement of surface hydrophilicity of membrane surface and creates active
sites for covalently attachment of different functional groups with high stability
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and advanced membrane performance. For example, the PAA functionalized
membrane allows the higher solute rejection at higher permeation rate with less
energy consumption compared to conventional nanofiltration process. In addition,
other groups, such as, hydroxyl and sulfonic acid can also be attached to the
membrane through different chemical treatment methods. The membrane
fabrication methods have been improved due to the increasing demanding of
membrane properties and performance. Some novel and advanced methods
including thermally induced phase separation(TIPS), non-solvent Induced phase
separation (NIPS) and electro-spinning have been reported allowing membranes
with good properties, interesting morphology and high performance.
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Chapter 5 - Nanofiltration of Sugar Containing Salt:
Interaction between Sugar and Salt on Retention
5.1 Introduction
Nanofiltration (NF) is a relatively new membrane process between
ultrafiltration (UF) and reverse osmosis (RO)[235, 236]. The NF pore size is
about 1 nm corresponding to molecular weight cut-off (MWCO) of 300-500
Da[237]. NF are also slightly charged due to the dissociation of surface functional
groups. Similar to RO membranes, NF can separate inorganic salts and organic
molecules. Compared to RO, NF membranes are characterized to have higher
flux, higher rejection of divalent ions, as well as low rejection of mono-valent
ions[238, 239]. Due to the advantages of low operating pressure, high flux, low
maintenance and operating cost, NF has been applied water treatment, food and
beverage processing, paper and pharmaceutical industries[240-244]. Most of NF
membranes are made of polyamide, polyester, polyurea or polyurethane formed
by

famous

interfacial

polymerization[236,

242,

245].

The

interfacial

polymerization technique is a polymerization reaction taking place at the interface
between two immiscible aqueous phase and organic phase[246, 247]. The
solvents, monomers, monomer concentration, ratios as well as reaction
temperature and time can affect the morphology, composition, pore size, porosity
and

the

separation

performance

of

the

thin

composite

nanofiltration

membranes[240, 242, 248-250]. The interfacial polymerization with piperazine
(PIP) and trimesoyl chloride (TMC) are the common materials to be widely used
in the fabrication of thin composite layer for NF.
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In order to optimize the NF application, it’s important to understand the
rejection mechanisms of charged solutes, uncharged solutes and mixture of
solutes. The major mechanism for the rejection of uncharged solutes is based on
size exclusion. For charged solutes, besides size exclusion, the rejection is also
involved with electrostatic interaction between charged membrane and charged
species[251, 252]. The process streams in food industry usually contains organic
components (sugar, protein etc), NaCl, multi-valent salt and etc. A lot of efforts
have been devoted to develop suitable membranes for food industry especially
for separation of sugar and salts[253-256]. Wang, et al. reported the separation
of sugar from NaCl solution by NF membranes from Dow Chemical and showed
that the rejection of sucrose depends on the NaCl concentration but the sucrose
concentration has no effect on the rejection of NaCl [256]. Bargeman et al. has
also studied the effects of membrane characteristics on the separation of sugar
and salt mixture through five different commercial NF membranes with different
pore radius and effective thickness[257].
However, commercial available NF membranes is varied in characteristics
such as pore size and surface charge, leading to variety performance[84]. In
particular, most commercial NF membranes can reject 99% sucrose/lactose, and
in the meanwhile, also reject divalent ions (such as, calcium) at high level (90 to
99%)[258]. The development of NF membranes with lower divalent salt rejections
while maintaining over 98% sucrose/lactose is highly desirable in order to obtain
high quality sucrose/lactose and eliminate the calcium scaling in evaporators with
less energy consumption. In addition, the NF permeate with calcium salt (and
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phosphates present in dairy) can be converted to Ca-phosphate fertilizer. Thus,
to do selective NF separations, minimization of surface charge through
modification of interfacial polymerization process and coating technique are
required to fabricate NF membranes with high selectivity and high flux. Therefore,
this type of NF membrane was developed in full-scale (over 1500 ft) by Ultura,
Inc. Oceanside, CA. The goals of this paper are to: (1) evaluate selective
rejection of membrane module (2514 spiral wound) with mixtures of sucrose and
calcium chloride; (2) investigate the interaction between multi-valent salt (CaCl2)
and sucrose through the change of concentration; (3) understand and evaluate
the experimental results by Donnan-Steric-Pore-Model (DSPM) and extended
Nernst-Planck model.

5.2 Experimental
5.2.1 Materials
SNF-20 membrane was the target membrane developed by Ultural Inc.
Oceanside, CA. For comparison, commercial NF3A membrane provided by Ultra
Inc. was also used. These two NF membranes are three-layer thin film and are
polysulfone based membranes with a polyamide top layer. CaCl2·2H2O, sucrose,
glucose were obtained from Fisher Scientific.

5.2.2 Membrane Characterization
5.2.2.1 Scanning Electron Microscope (SEM)
The surface and cross-section morphology of two NF membranes were
studied by Hitachi S-4300 Scanning Electron Microscope (SEM). Membranes
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were frozen in liquid nitrogen, fractured, mounted on the sample studs and a thin
layer of gold was sputtered on the sample surface for imaging purpose. The SEM
measurements were performed at an accelerating voltage of 10 kV.
5.2.2.2 Atomic Force Microscopy (AFM)
The membrane surface was also characterized by AFM (Agilent PicoPlus
3000) using a resonance frequency of approximately 150 kHz in tapping mode.
The average roughness (the average deviation of the peaks and valleys height
from the mean value) was determined on 2 m × 2 m membrane area. All AFM
images were processed and presented using Gwyddion software.

5.2.3 Apparatus
Membrane permeability experiments were carried out using a cross-flow
cell as shown in Figure 5.1. Membrane module (2514 spiral wound, 0.06m (2.5
inch) diameter and 0.36 m(14 inch) long) was used with surface area of 0.59
m2(6.4 ft2). The retentate and the permeate are fed back into the tank, so the
feed salt concentration keeps constant throughout the testing period. The
pressure was set by changing the concentrate and total recycle valves. After the
pressure was set, the solution was allowed to permeate through the membrane
for at least 30 minutes to achieve steady state. To measure the flux, the
permeate was collected in a graduated cylinder for a specified amount of time.
This was done 3 times to ensure stability, and multiple samples of both the
permeates and the feed were collected for analysis. The concentrate flow rate
was kept constant at 2 GPM for every test performed. Pure water fluxes were

139

measured using RO permeate water to determine the permeability (LP) of
individual membrane (Eq. 5-1). The pressure varied from 3.4 to 10.4 bar.

L

P



JW
P

Eq. 5-1

The retention experiments were conducted with neutral components
(glucose and sucrose) and mixture of sucrose and CaCl2. To investigate the
influence of CaCl2 on the sucrose retention, experiments were performed using
feeds with a sucrose concentrating of 10 g/L in combination with different
concentration of CaCl2 (2 g/L and 4 g/L). The effect of sucrose concentration on
the rejection of CaCl2 was also studied by using 2 g/L CaCl2 and sucrose with
different concentrations (2 g/L and 10 g/L). Prior to the experiment with different
solutions, pure water fluxes were determined at 10.4 bar to evaluate if the
membrane has changed or fouled by the previous experiments.

NF
module

Figure 5.1. Schematic of cross-flow permeating experimental set-up.
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5.2.4 Analysis
Sucrose and glucose concentration were measured by total organic
carbon analyzer. Carbon standards were prepared in the range from 1-100 mg/L
and were used to generate a calibration curve. Samples were automatically
introduced to the TOC analyzer (experimental error<2% with R2 = 0.9998 ). Ultrahigh purity nitrogen was used as the carrier gas at 87.0 psi and a flow rate of 150
mL/min.
The concentration of CaCl2 were analyzed by conductivity measurements
or by using a Varian SpectrAA 220 Fast Sequential atomic absorption
spectrometer equipped with a Fisher Scientific hollow cathode lamp. The error of
analysis was < 2% with R2 = 0.9996.

5.2.5 Theory
The membrane pore size and thickness was characterized by uncharged
solutes (glucose, sucrose or lactose) via fitting the experimental rejection data
with Donnan-Steric-Pore-Model[259, 260], expressed as:

j

i

  Di , p

Where,

dci
 K i ,c ci V
dx

Eq. 5-2

ji  J v Ci , p

Where

j

i

Eq. 5-3

is solute flux (mol/m2/s);

2
D is diffusivity (m /s); ci is the solute
i, p

concentration in the membrane (mol/m3)； V is solute velocity (m/s);
distance normal to membrane surface (m).
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x is the

For uncharged solutes, the transport involves only the diffusion and
convection. The

D is related with the hindered nature of diffusion (Ki,d) as
i, p

following:

Di , p  K i , d Di ,

Eq. 5-4

Assume the membrane pore is uniformly distributed, Ki,d and Ki,c is related
to the ratio of solute size and pore size (

 ) as shown in the suggested

equations[238]:

K i ,d  1.0  2.30  1.1542  0.2243

Eq.5-5

Ki ,c  (2  )1.0  0.054  0.9882  0.4413 

Eq. 5-6



ci , x0 ci , xx

 (1  r s ) 2 （1 - ）2
Ci ,m
Ci , p
rp
Where

Eq. 5-7

 is the ratio of solute radius to pore radius, Ci ,m is the

concentration at membrane surface (mol/m3); Ci , p is the permeate concentration
(mol/m3); ci , x 0 is the solute concentration at upper surface ( x  0 )； ci , xx is the
solute concentration at the lower surface ( x  x ); r s is the stokes radius of ions
and solutes (m);

r

p

is the effective pore radius (m).

Eq. 5-2 is integrated across the membrane from the upper surface ( x  0 )
to ( x  x ) and combined with Eq. 5-5 to obtain the following expression for
rejection:

R 1

Ki ,c 
1  exp( Pem )(1  Ki ,c )

Eq. 5-8
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Where Peclet number( Pem ), is defined as,

Pem 

Ki ,c Vx
Ki ,d Di , Ak

Eq. 5-9

When Pem is close to limit, the asymptotic rejection can be obtained:

R

lim

 1  K i ,c

Eq. 5-10

The Hagen-Poiseuille equation can be expressed as following:

Jw 

rp2 (P   )

Eq. 5-11

8 (x / Ak )

The membrane parameters rp and x / Ak can be obtained by fitting the
solute rejection data by using Eq. 5-8.
The bulk diffusivity D is calculated with Stokes-Einstein equation:

D 

kT
6 rs

Eq. 5-12

Where k is the Boltzmann constant, T is the temperature,  is the dynamic
viscosity and rs is the radius of the solutes.
The relative viscosity of sucrose related to that of pure water is calculated
by the following equation:

 rel  b  exp( Eni )

Eq. 5-13

Where, b and E are fitting parameters. According to the literature[261],
b=1 for better prediction of sucrose viscosity at lower concentration; E=57.19.
The mole fraction ni is defined as:

ni 

m
(55.51  m）

Eq. 5-14
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Where,

m is the molality of the solution. Thus, the concentration profile in

the concentration polymerization layer can be calculated.
For charged solutes, the extended Nernst-Planck equation was used to
study the transport the ions/solutes inside the membranes[262, 263]:

ji   Di , p

dci zi ci Di , p d

F
 K i ,c ciV
dx
RT
dx

Eq. 5-15

ji is the flux of ion i and the terms on the right side represents transport
due to diffusion, electric field and convection, respectively. In this work, the
model is used to calculate the effective charge density by fitting the experimental
data with single CaCl2 rejection.
0
zCa CCa
 zCl CCl0  0
2

2



Eq. 5-16



zCa cCa  zCl cCl   X d
2

2



Where

Eq. 5-17



CCa0

2

and CCl0  are the bulk concentration of Ca2+ and Cl-,

respectively; cCa2 and cCl  are the concentration of Ca2+ and Cl-, and X d is
effective charge density. X d is assumed to be constant at all points. Eq. 5-15 is
rewritten as following:

dci
Jv
z c d

( K i ,c ci  Ci , p )  i i F
dx K i ,d Di ,
RT dx

Eq. 5-18

To solve this equation, Bowen et al[263]. suggested the use of following
equations. For this work, CaCl2 was used as a single salt.
zCa2 J v
d  DCa2 ,b KCa 2 ,d

dx

( KCa2 ,c cCa2  CCa2 , p ) 

zCl  J v
DCl  ,b KCl  ,d

F
2
( zCa
 zCl2  cCl  )
2 c
Ca 2
RT
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( KCl  ,c cCl   CCl  , p )

Eq. 5-19

Eq.s 5-18 and 5-19 can be solved by using the following boundary
conditions at:

x0

Ci  Ci , m ;

x  x

Ci  Ci , p

Eq. 5-20

Where Ci ,m and Ci , p are the feed and permeate concentrations at the
interfaces of the membrane.
Ci and ci can be correlated by the following equation.

 i ci
 zi F



exp



D


 i0Ci0
 RT


Eq. 5-21

Where γi is the activity coefficient of species i, and Ф is sterical partitioning
term. As diluted systems are studied in this work, the activity coefficients were
assumed to be unity.
To correlate the experimental data with the model described above, a
calculation routine illustrated in Figure 5.2 was used to obtain the effective
charge density Xd. Briefly, an initial guess of Xd is provided to start the calculation
routine with a few known inputs listed on the top row in Figure 5.2. A careful
examination of Eq.s 5-18 through 5-21 gives a multipoint boundary value
problem (BVP) for ordinary differential equations (ODEs). The complexity of the
problem requires solving the problem numerically. Function bvp4c embedded in
MATLAB was adapted in this work for BVP ODE calculation (see Appendix).
Specifically, an initial guess of Ci,p equal to Ci,m is provided to the solver as an
unknown parameter which will be solved through iterations. Boundary conditions
ci,m and ci,p were calculated by simultaneously solving Eq.s 5-16 and 5-21 for
Ca2+ and Cl- respectively through MATLAB solver fsolve. ci across the membrane
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thickness and Ci,p were calculated using solver bvp4c numerically by 30 equally
spaced points. The calculated Ci,p is then compared with the experimental Ci,p.
The difference of the two was minimized through a global minimization function
patternsearch which prevents the search being trapped in local minima in this
nonlinear problem.
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T, Δx,Cexpm, Cexpp, Jexp,ri, rp, zi, Dp

  (1 

r

s

rp

Input

) 2  1 -  2 ; Ki ,c  (2  )(1.0  0.054  0.9882  0.4413）

K i ,d  1.0  2.30  1.1542  0.2243

Jw 

rp2 (P   )
8 (x / Ak )

 i ci
 zF

  exp   i  D 
0 0
 i Ci
 RT


;

Update Xd

Initial Xd
Cexpm

λi and Φi
Eq. (5-6)

Ki,c

Initial Ci,p = Cexpm

Eq. (5-17),(5-21)

ci,m

ci,p

Eq. (5-16), (5-19)

ci and Ci,p
Correlation
No

If  



Pt exp  Pt cal
Pt exp
yes

Output

Figure 5.2. Schematic diagram of numeric calculation procedure for
effective charge density of nanofiltration membrane using extended
Nernst-Planck model.
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5.3 Results and Discussion
5.3.1 Membrane Characterization
Membrane structure morphology can affect the separation mechanism
and performance. The thickness of membrane is directly related to the resistance
of mass transfer. The reduction of membrane thickness can improve the
membrane permeability. Therefore, it’s important to examine the membrane
morphology using SEM and AFM.
5.3.1.1 SEM
Figure 5.3 shows the SEM images of SNF20 and NF3A membranes. It’s
observed that both membranes comprises three layers of different polymeric
materials: polyester backing to increase the stability (not shown in the picture),
porous polysulfone layer to reduce the resistance of transport, and the dense but
active polyamide layer for selective separation[264]. The surface globular
structure is caused by the formation of polymer[265]. From the cross-section
images of both membranes, the thickness the active layer can be determined at
about 132 nm for SNF20 and 103 nm for NF 3A, respectively. It should be noted
that the drying process may cause the observed thickness is less than the real
thickness of active layer.

148

(a)

(b)

1 m

500nm
(d)

(c)

500nm

1 m

Figure 5.3. SEM image of surface (a) and cross-section (b) of SNF20
membranes, surface (c) and cross-section (d) of NF3A membranes.
5.3.1.2 AFM
AFM was chosen to characterize the surface morphology of SNF20 and
NF3A membrane as shown in Figure 5.4. As shown in the figure, the image has
light and dark regions. The light region represents the highest points in the
membrane, while the dark regions usually contains pores. Average roughness is
defined as average deviation of the peaks and valleys from the mean plane and
root mean squared (RMS) roughness is the RMS deviation of the peaks and
valleys. Roughness is one of the important surface properties, which can affect
the mass transfer and is related to the initial membrane fouling behavior.
Membranes with higher roughness is tend to be fouled than smooth
membranes[266]. The RMS is determined to be 4.7 nm for SNF20 and 10.4 nm
for NF3A membrane, respectively. Literatures has reported that NF90 membrane
(Dow, USA)has roughness at about 27.8 nm[266]. It’s obvious that the SNF20
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membrane surface with smaller RMS is considered to be smooth with less fouling
potential.

(a)

(b)

Figure 5.4. AFM image of SNF20 (a) and NF3A(b) membrane.
5.3.1.3 Water Permeability
Membrane module testing was done to establish realistic data that would
be expected in a larger scale spiral wound membrane module system. This mode
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of testing is unique capability and has many benefits over batch or dead-end
cells. The convection caused by the flow across the membrane surface reduces
concentration polarization of ions[267, 268]. The module also tests a much high
surface area than the batch or dead-end cells, minimizing the effect of any
inconstancies in the membrane. Many tests have been done on the membrane
modules to test for rejection and flux using different salts, salt concentrations,
and temperatures.
Pure water permeability of SNF20 and NF3A membranes as a function of
the applied pressure is shown in Figure 5.5. All the graphs are linear following
the Hagen-Poiseuille equation. From Figure 5.5(a) and (b), the water
permeability of SNF20 membrane is calculated to be 12.6 L/m2/h/bar, while for
NF3A membrane, it is 6.4 L/m2/h/bar. The literature reported permeability of two
commercial NF membranes (CK and DK from Osmonics, USA) ranging from 2.4
to 7.9 L/m2/h/bar[238, 257, 269]. By comparison, it’s obvious that the water
permeability of newly developed SNF20 membrane is much higher than NF3A
and commercial NF membranes. In addition, the pure water fluxes for both
membranes are almost the same as the flux with 2 g/L sucrose as shown in
Figure 5.5(a) and (b), which demonstrates that the concentration polarization is
minor for concentration at 2 g/L.
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Figure 5.5. Pure water flux and the flux at 2 g/L sucrose versus the
pressure of SNF20 (a) and NF3A (b).

5.3.2 The Retention of Single Solute
5.3.2.1 Sucrose and Glucose Rejection
The structural characterization of membrane can be determined by two
important parameters (effective pore radius, rp and the ratio of effective
thickness to porosity, x / Ak ) through the rejection of two uncharged solutes:
glucose and sucrose. The rejection data of sucrose and glucose cam be fitted
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with DSPM model. The data used in this model for calculation is shown in Table
5.1. Figure 5.6 shows the rejection of two uncharged solutes (glucose and
sucrose) for SNF20 and NF3A membranes respectively. Both membranes can
reject sucrose well (>99%). It can be seen that the sugar rejection is approached
to the limiting rejection when the flux is increased. Based on the rejection data,
the effective pore radius, rp and x / Ak can be estimated by fitting the
experimental data and the results are shown in Table 5.2. The average pore
radius for SNF20 membrane is estimated to be 0.53 nm, and x / Ak is 0.99 m.
While for NF3A membrane, the rp and x / Ak are 0.48 nm and 1.67m,
respectively. The smaller pore size for NF3A membrane explains why the
rejection of glucose for NF3A membrane is higher than that of SNF20 membrane.
In addition, compared with the x / Ak of NF(Dow Chemicals, USA) and Desal
5DK (Osmonics, USA) as shown in Table 5.2, the smaller x / Ak for SNF20
membrane explains the higher water permeability of SNF20 membrane. Using
the thickness measured by SEM as shown in Figure 5.3, the porosity ( Ak ) for
SNF20 and NF3A is calculated to be 0.13 and 0.06, respectively. That confirms
that the SNF20 membrane has both thinner layer and higher porosity compared
with other membranes.
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Table 5.1. Input data for bulk values for DSPM model calculation

Conc. (g/L)

Bulk diffusion
coefficient
(m2/s)

 (Pa·s)

0.471 [238]

2

4.62×10-10

1.01×10-3

Sucrose

0.471

10

4.50×10-10

1.03×10-3

Glucose

0.365 [238]

2

8.65×10-10

0.94×10-3

Sugar

Solute radius
(nm), rs

Sucrose

100

80
60
40

(a)

20
0
0

20

Glucose
Sucrose
Model
Model

Rejection (%)

Rejection (%)

100

80
60

40

(b)

20
0

40 60 80 100 120
Flux (L/m2h)

0

Glucose
Sucrose
Model
Model

20
40
60
Flux (L/m2h)

80

Figure 5.6. Rejection of sucrose and glucose as a function of permeate flux
for SNF20 module (a) and NF3A module (b). The line shows fitting with
Donnan-Steric-Pore model.
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Table 5.2. Calculated pore radius (rp) and effective thickness over
porosity(x/Ak)for SNF20 and NF3A membrane obtained by using DonnanSteric-Pore Model (Eq. 5-2).
Glucose

Sucrose

Membrane
rp(nm)

x/Ak(m)

rp(nm)

x/Ak(m)

SNF20

0.52

0.98

0.54

1.00

NF3A

0.46

1.73

0.5

1.61

Desal 5DL(Osmonics, USA)[257]

0.45

2.54

-

-

Desal 5DK(Osmonics, USA)[257]

0.42

2.59

-

-

5.3.2.2 CaCl2 Rejection
The influence of CaCl2 concentration on the CaCl2 rejection for SFN20
and NF3A membrane was investigated and is shown in Figure 5.7. For both
membranes, the rejection is decreased with the increase of CaCl 2 concentration.
The rejection of CaCl2 is based on the steric and electrostatic interaction
between membrane and salt ions. At low concentration, the high rejection of
CaCl2 is due to the electrostatic repulsion. At higher concentration, the
electrostatic interaction reduces and the interaction between salt and membrane
decreases leading to lower rejection[270]. The extended Nernst-Planck model
can also be used to determine the electrical characteristic of membrane by fitting
the experimental data of CaCl2 rejection. The data used in the model calculation
is shown in Table 5.3 and the fitting results is shown in Figure 5.7. It shows that
the model fits well with the CalCl2 rejection of all three concentrations for both
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SNF20 and NF3A membranes. It also indicates that the rejection of CaCl2
increases with the enhancement of pressure, but the effect of pressure on the
rejection is not significant for low concentration CaCl2. This may because the
solute transport at low concentration is mainly contributed by the diffusion[271].
The effective charge density, X d can be determined from the model and
it’s increased with the concentration increases. Figure 5.8 shows the X d
difference as a function of CaCl2 concentration for SFN20 and NF3A,
respectively. The dependence of

Xd

on the salt concentration follows

Freundlich isotherm:

log 10 X  s log 10 Cb  q

5-22

For the case of SNF20, s=0.9677 and q=0.661. While for NF3A, s=0.9358
and q=1.0113. Similar relationship has been reported for HC50 (DDS Filtration
Advanced Membrane Technology, Denmark) (s=0.875, q=0.999) and CA20
(Hoechst Separation Products, Germany) (s=0.499, q=0.859) reported in the
literature[272].It indicates that NF3A membrane has higher effective charge
density than SNF20 membrane, which is the reason why NF3A has higher salt
rejection than SNF20 membrane. It also shows that the rejection of CaCl 2
increases with the enhancement of pressure, but the effect of pressure on the
rejection is not significant for low concentration CaCl2. This may because the
solute transport at low concentration is mainly contributed by the diffusion[271].
Comparing the separation performance for both membranes, NF3A membrane
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performs better than SNF20 due to the high effective charge density as shown in
Figure 5.8.
Table 5.3. Input values for known parameters in modeling
Parameter

SNF20

NF3A

Source

rp, nm

0.53

0.48

Table 5.2

zi,

Ca2+: 2; Cl-:-1

-

rs, nm

Ca+: 0.114; Cl-: 0.167

[273]

Ca2+: 0.78e-9; Cl-:2.03e-9

[274]

T, K

298

-

F, A / mol

96485

-

R, J/K/mol

8.314

-

100

100

80

80

Rejection (%)

Rejection (%)

Di , , m2/s

60
40
20
0
0

2

100

40
20

a
50

60

150

0
0

Flux (L/m h)

b
20

40

2

60

Flux (L/m h)

Figure 5.7. Rejection of CaCl2 as a function of permeate flux for SNF20
module (a) and NF3A module (b) (square: 0.001 M; diamonds: 0.01M;
circles: 0.05M). The modification of flux is through the change applied
pressure. The line shows fitting with extended Nernst-Planck model.
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Figure 5.8. Calculated effective charge density ( X d ) as a function of
different CaCl2 concentration. Logarithm coordinates are used for better
comparison.
The extended Nernst-Planck model was successfully applied to describe
the rejection of single solutes. Simulations were also performed in order to
investigate the influence of effective charge density. Figure 5.9 presents the
rejection curves with different effective charge density. It indicates that the shape
of the rejection curve doesn’t change with the modification of effective charge
profile. The influence of charge is not obvious with SNF20 membrane because
the steric is important especially for the cig ions such as Ca2+, because of the
small pore diameter. However, for membranes with larger pore size, the charge
effect is more dominant. In this cases, the charge distribution along the pore
should be taken into account[275].
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Figure 5.9. Rejection curve of 10 mol/m3 CaCl2 solution through SNF20
membrane with different effective charge density.

5.3.3 Retention of Combined Sucrose and Salt
To

investigate

the

separation

performance

of

mixture,

filtration

experiments with mixture of CaCl2 and sucrose with the increase of concentration
of either CaCl2 or sucrose. To study the effect of CaCl2 concentration on the
sucrose rejection, the CaCl2 concentration was used to be 2 g/L and 4 g/L with
constant sucrose concentration at 10 g/L and the result is shown in Figure 5.10.
By the increase of CaCl2 concentration, there is no obvious change of sucrose
rejection as shown in Figure 5.10(a). This may due to the less pore swelling
caused by the high concentration of counter ions in the electrical double-layer at
the pore surface[238]. As comparison, the rejection of sucrose and CaCl2 mixture
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of NF3A is shown in Figure 5.11. It indicates that the rejection of sucrose and
CaCl2 mixture is lower than the individual rejection due to the pore swelling by
high effective charge density of NF3A. Therefore, it’s preferable to use
membrane with low effective charge density at higher salt concentration in order
to get enhanced sugar rejection[276]. In addition, the CaCl2 rejection for SNF20
membrane slightly decreases with the increase of CaCl2 concentration as shown
in Figure 5.10(b). The observed results may because that the electrostatic
interactions between the salt and membrane surface has been weakened at
higher salt concentration[271, 277, 278].
50
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Figure 5.10. Rejection of sucrose (a) and CaCl2 (b) for SNF20 membrane
with different CaCl2 concentration (2 g/L and 4 g/L) and constant sucrose
concentration at 10 g/L. The flux is modified by the change of applied
pressure.
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Figure 5.11. Rejection of sucrose and CaCl2 for NF3A module as a function
of permeate flux for feeds containing 2 g/L sucrose and 2 g/L CaCl2. The
flux is modified by the change of applied pressure.
As the increase of sucrose concentration, the rejection of CaCl2 is slightly
decreased as shown in Figure 5.12(a). The reduction of rejection may be
ascribed to the hindered back diffusion of charged ions in the concentration
polarization layer[261]. As shown in Figure 5.12(b), rejection of sucrose doesn’t
show any obvious change due to the less pore swelling discussed previously.
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Figure 5.12. Rejection of CaCl2 (a) and sucrose (b) for SNF20 membrane
with different sucrose concentration (2 g/L and 10 g/L) and constant CaCl2
concentration at 2 g/L. The flux is modified by the change of applied
pressure.
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5.3.4 Stability
Membrane fouling caused by solute or particles deposited onto membrane
surface or into the pores can degrade separation performance[279]. The
membrane fouling is a big obstacle for the widespread application of membrane
techniques. Thus, to check the long-term stability and the fouling property of
SNF20 membrane, the pure water flux tests were performed at 10.4 bar over a
period over six months and the result is shown in Figure 5.13. The average water
flux keeps constant at about 129.5 L/m 2h (at 10.4 bar) over the course of testing.
A feed composition of 10 g/L sucrose and 2 g/L CaCl2 was also tested with the
SNF20 membrane module. At an operating pressure of 10.4 bar, the rejection of
sucrose in one month period remains almost no change at about 99.5%, while
the CaCl2 rejection is about 43.0%. This indicates the good stability and no
fouling of the membrane module.
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Figure 5.13. The long term stability of SNF20 module over six months’ run.
(The pure water flux was normalized with viscosity at 25oC; P=10.4 bar.
Membrane area: 6.4 ft2).

5.4 Conclusion
In conclusion, SNF20 membranes show promising potential to be used for
the separation of sugar in food industry. The SNF20 membrane shows higher
water permeability and high rejection of sucrose (over 99%) compared with other
reported NF membranes. The higher rejection of sucrose over glucose may have
the potential to be used for selective separation of sugar with different degree of
polymerization (DP). More importantly, the sucrose rejection is not affected by
the salt concentration. This work shows that it’s important to consider structural
and charge properties of membranes for food industry application. It will be
helpful to choose membranes with lower charge density for the selective
separation of sucrose with the presence of divalent salts.
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5.5 Broad Application Prospect
Traditional nanofiltration membranes have been developed for the
application in drinking water production, wastewater treatment as well as a
pretreatment of desalination due to their high rejection of divalent ions with higher
flux. Current research in membrane science is focusing on the modification of
membrane physical and chemical properties. The selective separation is based
on the active layer obtained by interfacial polymerization between two highly
reactive monomers. The nature of solvents, monomers, monomers concentration
and ratio, and reaction time as well affect the structure, surface charge and
compositions. For example, the reduction of surface charge via the modification
of interfacial polymerization allows the selective separation of lactose and
calcium to produce high quality of lactose and eliminate the calcium scaling in
evaporator with low energy consumption. The coating with brush-like
poly(ethylene glycol) (PEG) on the thin active layer to enhance the antifouling
property. Therefore, the optimization of the membrane surface properties will
allow the development of membranes with advanced performance.
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Chapter 6 - Conclusion
This research advanced the frontiers of membrane science and improved
membrane technologies for applications of tunable separation and remediation,
especially for the removal of toxic chlorinated organics (trichloroethylene, TCE
and polychlorinated biphenyls, PCBs etc). The integration of nanotechnology with
temperature responsive membranes provides breakthrough in the area of
catalytic membranes. Such integration has a combination of the features of high
capacity of contaminants on membrane pore surface, controllable reaction rate,
stimuli-responsiveness, and cost-effectiveness. Our work has led to significant
improvement of current chlorinated organics degradation and advanced
membrane technology.

6.1 Key Advancements to Science and Engineering
The key advancements to science and engineering achieved from this
work were concluded as follows.


Tunable and enhanced separation and reaction of toxic organic
compound was achieved through functionalized membrane both pH
and temperature responsive polymers.



Advanced

membrane

functionalization

techniques

within

microporous media were utilized to develop membrane with
enhanced performance including controlled and tunable permeation
rate, low energy requirement, good ion-exchange property.


Mathematical modeling was used to better understand the
responsive behavior and ion transport, providing the information
necessary for more efficient utilization of functionalized membrane.
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Functionalized

membrane

was

successfully

scaled

up

in

commercial scale with consistent performance, stability, and
uniformity similar to that obtained in bench scale.

6.2 Specific Accomplishments
The specific accomplishments from this work were concluded as follows.

6.2.1 Stimuli-responsive Materials for Tunable Separation and
Reaction


Temperature

responsive

P(NIPAAm-AA)

hydrogel

with

ion

exchange groups (-COOH) for metal ion capture and subsequent
conversion to nanostructured zero-valent metal in the matrix was
synthesized.


The swelling and polymer conformation transition below and above
LCST was quantified for temperature responsive P(NIPAAm-AA)
hydrogel.



Peppas-Lucht model was also used to calculate the solvent and
polymer interaction parameters to better understand the swelling
behavior.



The

dechlorination

of

trichloroethylene

(TCE)

and

2,2’-

dichlorobiphenyl (DiCB) with Fe/Pd NPs immobilized in temperature
responsive P(NIPAAm-AA) hydrogel below and above LCST
proved the enhanced reactivity with 3 fold increase for only 4 oC
temperature change.


The combination of responsive hydrogel with macroporous
membrane polyvinylidene fluoride (PVDF) support was developed
to enhance the mechanical strength of membrane.



Water flux through the temperature responsive membrane varied
by up to 15 times for temperature changes from 30 oC (below LCST)
to 34oC (above LCST).
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Dextran solution was used to evaluate the separation properties
using

the

temperature

responsive

membrane.

The

results

quantified the rejection dependence on LCST transition.

6.2.2 Membrane Functionalization Techniques


PVDF membrane was chemically treated with alkaline solution to
create partial defluorinated membrane (Def-PVDF) with conjugated
double bonds for covalent attachment of functional polymers. The
effect of treatment time was also investigated and showed the
membrane morphology was changed with longer treatment time as
confirmed by SEM.



Polyacrylic acid (PAA) was proven to be covalently attached to DefPVDF membrane through the disappearance of double bonds by
ATR-FTIR, and the reversible and stable pH responsive behavior of
water and solutes.



The Na2SO4 rejection through PAA-Def-PVDF membrane was also
investigated to characterize the membrane and shows the rise of
rejection with pH increases and reduction with the decrease of
applied pressure.



PAA-Def-PVDF membrane was successfully utilized as a support to
immobilize metal nanoparticles to remove toxic chlorinated
compounds (such as, TCE, PCB etc).



Asymmetric membrane with macroporous sponge-like structure
was successfully prepared by phase inversion method in both labscale and large-scale.



The spongy PVDF membrane (SPVDF) shows high surface area,
high porosity and higher yield of PAA functionalization compared to
normal PVDF membrane.



The PAA functionalized SPVDF membrane indicates very high ionexchange capacity of Ca2+ is 3.2 mg/cm2 (265 mg/g) with 10 times
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higher than normal functionalization based on commercial MF
PVDF.

6.2.3 Full-scale Membrane Validation and Evaluation


The functionalization method and process were validated by scaling
up through the evaluation of full-scale functionalized membrane.



Selective permeation of CaCl2 and high sucrose rejection was
obtained through the evaluation of nanofiltration membranes with
lower charge

(SNF20) in

comparison to

the

conventional

negatively-charged commercial nanofiltration membrane (NF3A).


The higher rejection of sucrose over glucose through SNF20
membrane have the potential application for selective separation of
sugar with different degree of polymerization (DP).



The SNF20 module shows high stability without fouling in a longterm (two months) test.



Donnan-Steric-Pore-Model (DSPM) and extended Nernst-Planck
model were used to evaluate the experimental results and shows
the good fitting with single solute rejection.

6.3 Future work
This study has developed a platform for an improved membrane
technology with functional moiety applicable for water remediation and tunable
separation. Based on the knowledge obtained from current study, further study
on the following aspects is recommended to improve the performance of
functionalized membranes.
For the realization of the practical application of enhanced degradation of
toxic chlorinated organics from groundwater by temperature responsive polymers,
the modification of transition solution temperature (LCST) to the groundwater
temperature will be necessary. Proposed approaches that could lead to the
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targets include:(1) using positive temperature responsive polymer, such as,
copolymer of acrylamide and acrylic acid[280], (2) introducing the hydrophobic
moiety into the copolymer, such as, tert-butyl methacrylate (tBMA), butyl
methacrylate (BMA), etc) as widely reported in the literatures[151, 152]. The
proposed approach is supported by our preliminary study which is modified the
LCST to 25oC via the incorporation of tBMA with PNIPAAm.
In addition, the in-situ synthesis of nanoparticles within the polyacrylic acid
(PAA) functionalized membrane can be expanded to other metals (such as, Au,
Ni, Pd, Pt and Cu) as long as the ions have interaction with carboxylic acid
groups. It should be noted that the ion exchange highly depends on the ionization
of carboxylic acid groups which is affected by the solution pH. Therefore the
nature of functionalized polymer should be considered in future work. For
example, the functionalization with quaternary amine groups are current
undergoing work in the lab, which can be applied in a wide pH range from 2 to 12.
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Nomenclature
Chapter 2
Q

swelling ratio

Ws

the weight of hydrogel at swelling state (g)

Wd

the weight of hydrogel at dry state (g)

p

the polymer solvent interaction parameter

P

the polymer repeat unit volume fraction in the swollen state

VH O

the water molar volume (18 cm3mol-1)



the number of links of repeating unit

Mr

molecular weight of repeating unit

0

the cross-linking density (mol/cm3)

WS

the weights of absorbed solvent

WP

the weights of dried hydrogel

P

the density of dried polymer

S

the density of solvent

kSA

surface area normalized reactivity

kobs

observed reactivity

C

chloro-organics concentration (mg/L)

s

specific surface area of the nanoparticles (m2/g)

2
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ρm

the nanoparticle loading (g/L)

t

reaction time

Chapter 3
J

the volume flux (L/m2/h)

N

the membrane pore density

A

the membrane area

D

the pore diameter



the dynamic viscosity of water

L

the membrane thickness

ΔP

the transmembrane pressure difference

JT

represents the reported flux at temperature T



the viscosity at temperature T

25oC

the viscosity of water at 25oC



the volume fraction of the polymer in the membrane

Df

the pore diameter for blank membrane

D0

the pore diameter for functionalized membrane

Tc

the critical solution temperature for temperature responsive membrane ( oC)
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T

the temperature transition change from open-state to closed-state (oC)

Chapter 4
Vm

the membrane volume

Vp

the volume occupied by PVDF polymer

L

the PVDF membrane thickness (cm)

Wm

the membrane mass (g)

p

the density of PVDF(1.78 g/cm3)

Chapter 5
LP

the membrane permeability (L/m2/h/bar)

Jw

pure water flux (L/m2/h)

ji

the solute flux

Ki,d

the hindered nature of diffusion

Ki,c

convection of ions inside the membrane

K-1

hydrodynamic coefficient

G

the lad coefficient



equilibrium partition coefficient

ci

concentration in the membrane(mol/m3)
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m

the molality of the solution (mol/kg)

ni

the mole fraction of the solute

Ci ,m

the concentration at membrane surface (mol/m3)

Ci , p

the permeate concentration (mol/m3)

ci , x 0 the solute concentration at upper surface ( x  0 )
ci , xx the solute concentration at the lower surface ( x  x )

r

s

the stokes radius of ions and solutes (m)

r

p

the effective pore radius (m)

R

solute rejection

Pem

Peclet number

Di ,

bulk diffusivity (m2/s)

Di , p

hindered diffusivity (m2/s)

Rlim

the limiting rejection of solute

Ak

effective porosity of the membrane

T

absolute temperature (K)

F

Faraday constant (C/mol)
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X

effective membrane charge( mol/m3)

V

solute velocity (m/s)



ratio of ionic or solute radius to pore radius



electric potential in axial direction inside the membrane(V)

zi

the valence of ion

Name Designation
TCE

trichloroethylene

PCB

polychlorinated biphenyl

BP

biphenyl

DiCB

2,2’-dichlorobiphenyl

ATRP

atom transfer radical polymerization

RAFT

reversible free radical-fragmentation chain transfer

PVDF

poly(vinylidene fluoride)

PS

polysulfone

PES

polyether sulfone

DMA

dimethylacetamide

DMF

N,N-dimethylformamide
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NMP

N-methylpyrrolidone

DMSO

dimethylsulfoxide

LCST

lower critical solution temperature

UCST

upper critical solution temperature

PP

polypropylene

NIPAAm

N-isopropylacrylamide

AA

acrylic acid

PEG600DMA

poly(ethylene glycol) 600 dimethacrylate

DMPA

4-(4-dimethylaminophenylazo) aniline

PDMS

polydimethylsiloxane

PE

polyethylene

PET

poly(ethylene terephthalate)

PC

polycarbonate

Bis

N, N’-methylenebisacrylamide

TEMED

N,N,N’,N’-tetramethylethylenediamine

APS

ammonium persulfate

RMS

root mean squared
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PVP

polyvinylpyrrolidone

Def-PVDF

dehydrofluorinated poly(vinylidene fluoride)

SPVDF

spongy poly(vinylidene fluoride)

PIP

piperazine

TMC

trimesoyl chloride

MF

microfiltration

UF

ultrafiltration

NF

nanofiltration

RO

reverse osmosis

ATR-FTIR

Attenuated total reflectance-Fourier transform infrared
spectroscopy

SEM

scanning electron microscopy

TEM

transmission electron microscopy

BET

Brunauer–Emmett–Teller

GC-MS

gas chromatograph-mass spectrometer

TGA

thermogravimetric analysis

DSC

differential scanning calorimetry

AFM

atomic force microscopy
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XPS

X-ray photoelectron spectroscopy

TOC

total organic carbon

GPC

gel permeation chromatography
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Appendix
Determination of effective charge density of nanofiltration membranes
based on experimental date via extended Nernst-Planck Equation (Chapter
5).
1. Step-by-Step Development of the Proposed Model
Step 1: Experimentally measure the water permeate flux (Jw) at various applied
pressure for both SNF20 and NF3A membranes.
Step 2: Calculate water permeability (Lp)

L

P



JW
P

Step 3:Experimentally measure sucrose and glucose rejection as a function of
pressure.
Step 4: Assuming the membrane are homogenous and the pore is cylindrical, the
separation performance can be described by extended Nernst-Planck model.

j

  Di , p
i

dci
 K i ,c ci V
dx

ji  J v Ci , p
Di , p  K i , d Di ,
Assuming the membrane pore is uniformly distributed,

Ki ,c  (2  )1.0  0.054  0.9882  0.4413 
K i ,d  1.0  2.30  1.1542  0.2243



ci , x0 ci , xx

 (1  r s ) 2 （1 - ）2
Ci ,m
Ci , p
rp

Integrate the extended Nernst Planck equation from the upper surface ( x  0 ) to
( x  x ) in terms of Ci,m and Ci,P to obtain the following expression for rejection:

R 1
Pem 

Ki ,c 
1  exp( Pem )(1  Ki ,c )

Ki ,c Vx
Ki ,d Di , Ak
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Di ,  

kT
6 rs

When Pem is close to limit,

R

lim

 1  Ki ,c

Step 5: Calculate membrane pore size(rp) and the ratio of effective thickness to
porosity( x / Ak ) by fitting the experiment rejection data.

rp2 (P   )

Jw 

8 (x / Ak )

   Ci,m RT
Step 6: Experimentally measure the CaCl2 rejection, feed, permeate
concentration. For charged solute, electrical field is added into the extended
Nernst Planck equation.

ji   Di , p

dci zi ci Di , p d

F
 K i ,c ciV
dx
RT
dx

Rewrite to obtain,

dci
Jv
z c d

( K i ,c ci  Ci , p )  i i F
dx K i ,d Di ,
RT dx
The potential gradient term can be expressed as following, using CaCl2 in this
work,
zCa J v

( K Ca ,c cCa  CCa

2

d K i ,d DCa

dx

2

2

2

2

,p

)

,

zCl J v

( K Cl ,c cCl  CCl , p )



K i ,d DCl









,

F 2
( zCa cCa  zCl2 cCl )
RT
2

2





Step 7: Use the Matlab program to solve this ordinary differential equations. The
boundary conditions used to solve this system were:

x0

Ci  Ci , m ;

x  x

Ci  Ci , p
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Using the equilibrium conditions to obtain the ion concentration inside the
membrane, which take the Donnan and steric effects into account:

 i ci
 zF

  exp   i  D 
0 0
 i Ci
 RT

The Matlab program utilize the command bvp4c to solve two point boundary
value problems for ODE’s by collocation.
Step 8: Use conditions of electronneutrality in the bulk and inside the membrane
to solve for the effective charge density Xd.
For CaCl2,
0
zCa CCa
 zCl CCl0  0
2

2





zCa cCa  zCl cCl   X d
2

2





Step 9: Use the experimentally determined relationship between CaCl2 rejection
and flux to evaluate the most accurate estimation of the effective charge density
Xd. Adjust Ci,p until the experimental trend is best fitted with the model predictions.
2. Determination of effective charge density based on the data fitting with
experimentally CaCl2 rejection data
Matlab Program:

function MembraneModel
%
%
%
%
%

Written by Li Xiao
Revision Date: Jun 10 2014
Revision Comment:
Correlation package for modeling of membrane separation using a global
minimum search

% This code is to correlate experimental data with the model.
clear all
clc
global Jvexp Cpexp Cbexp rp deltax
[file,dir] = uigetfile('*.xls');
data = xlsread(fullfile(dir,file));
Jvexp = data(:,1); %Flux in m3/m2/s
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Cbexp = data(:,2)*[1 2];
Cpexp = data(:,3); %Permeat Concentration in mol/m3
rp = 5.15E-10; %m
deltax = 9.12e-7; %m
Xd0 = -1000;
Xdlb = -3500;
Xdub = 0;
options = psoptimset('PlotFcns',{@psplotbestf,@psplotmeshsize,@psplotbestx},...
'Display','iter','TimeLimit',8*3600);
Xd = patternsearch(@Opt,Xd0,[],[],[],[],Xdlb,Xdub,[],options);
Xd
for i = 1:length(Jvexp)
Cp(i) = PermeatConc(Xd,Jvexp(i),Cbexp(i,:)',rp);
end
Jvdis = 5e-7:1e-6:3.5e-5;
for i = 1:length(Jvdis)
Cpdis(i) = PermeatConc(Xd,Jvdis(i),Cbexp(1,:)',rp);
end
figure(2)
plot(Jvdis*3.6e6,(1Cpdis'./Cbexp(1,1))*100,'MarkerSize',10,'Marker','none','LineStyle','-');hold on
plot(Jvexp*3.6e6,(1Cpexp./Cbexp(:,1))*100,'MarkerSize',10,'Marker','square','LineStyle','none',...
'MarkerFaceColor',[1 0 0]);hold off
xlabel('Flux (L/m^2 h)');
ylabel('Rejection (%)');
legend('Regression','Experiment')
function obj = Opt(Xd)
global Jvexp Cpexp rp Cbexp
for i = 1:length(Jvexp)
obj(i) = abs(PermeatConc(Xd,Jvexp(i),Cbexp(i,:)',rp) - Cpexp(i))/Cpexp(i);
end
obj = sum(obj);
function C = PermeatConc(Xdin, Jvin,C0in, rpin)
global Cp Jv deltax Kc Xd C0 rp
Xd = Xdin;
C0 = C0in;
Jv = Jvin;
Cp = C0(1);
rp = rpin;
ri = [1.94E-10; 0.79E-10]; %m
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theta = (1-ri./rp).^2;
Kc =(2-theta).*(1+0.054*ri./rp-0.988*(ri./rp).^2+0.441*(ri./rp).^3);
solinit = bvpinit(linspace(0,deltax,30),@npinit,Cp);
sol = bvp4c(@f,@npb,solinit);
C = sol.parameters;

function dcdx = f(x,c,Cp)
global Jv Kc

% Define simultaneous ODE equations

Dp = [0.78e-9;2.03e-9];
z = [2;-1];
dcdx = Jv./Dp.*(Kc.*c-[Cp;-Cp*z(1)/z(2)])-z.*c.*sum(Jv.*z./Dp.*(Kc.*c-[Cp;Cp*z(1)/z(2)]))/(sum(z.^2.*c));
function bd = npb(ca,cb,Cp)
global Xd C0 rp
T = 298;
z = [2;-1];
ri = [1.94E-10; 0.79E-10]; %m
theta = (1-ri./rp).^2;
F = 96487; %Faraday constant, 96487 C mol-1
R = 8.314; %Gas constant
phiD0 = 0.1;
options = psoptimset('Display','off');
phiDa = fsolve(@(phiDa)abs(sum(z.*C0.*theta.*exp(-F.*z./R/T*phiDa)) - Xd),phiD0,options);
c0_m = C0.*theta.*exp(-F.*z./R/T*phiDa);
phiDb = fsolve(@(phiDb)abs(sum(z.*[Cp;-Cp*z(1)/z(2)].*theta.*exp(-F.*z./R/T*phiDb)) Xd),phiD0,options);
cp_m = Cp.*theta.*exp(-F.*z./R/T*phiDb);
bd = [ca(1)-c0_m(1);cb(1)-cp_m(1);ca(1)-ca(2)-Xd];
function cinit = npinit(x)
global C0 Cp deltax Xd rp
T = 298;
z = [2;-1];
ri = [1.94E-10; 0.79E-10]; %m
theta = (1-ri./rp).^2;
F = 96487; %Faraday constant, 96487 C mol-1
R = 8.314; %Gas constant
phiD0 = 0.1;
options = psoptimset('Display','off');
phiDa = fsolve(@(phiDa)abs(sum(z.*C0.*theta.*exp(-F.*z./R/T*phiDa)) - Xd),phiD0,options);
c0 = C0.*theta.*exp(-F.*z./R/T*phiDa);
phiDb = fsolve(@(phiDa)abs(sum(z.*[Cp;-Cp*z(1)/z(2)].*theta.*exp(-F.*z./R/T*phiDa)) Xd),phiD0,options);
cp = Cp.*theta.*exp(-F.*z./R/T*phiDb);
cinit = c0 - (c0-cp).*x./deltax;
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